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ABSTRACT 


Because  heavy  water  should  he  a  superior  liquid  laser  solvent,  studies 
of  various  systems  soluble  in  heavy  water  have  been  emphasized. 

In  order  to  obtain  materials  which  can  be  efficiently  optically 
pumped  in  large  volumes  of  practicable  dimensions,  two  different  approaches 
have  been  employed.  The  first  is  to  form  mixed  ligand  complexes  in  solution. 
This  modifie'  the  absorption  band  of  tne  r heist's  directly.  Two  systems  of 
this  type  ore  described.  The  second  approach  is  that  of  utilizing  inter- 
molecular  energy  transfer  in  solution.  We  ha\ i  demonstrated,  for  the  first 
time,  intermolecular  energy  transfer  in  heavy  voter  solutions.  Two  systems  of 
this  type  are  described.  The  use  of  heavy  water  as  a  solvent  and  the  use  of 
intermolecular  energy  transfer  to  solve  the  problem  of  efficient  optical 
pumping  appears  to  be  the  most  promising  approech  to  the  development  of  a 
high  radiance  liquid  laser. 

Studies  of  systems  soluble  in  organic  solvents  have  aided  in  the 
development  of  systems  in  heavy  water.  The  organic  cation  has  been  shown  to 
have  an  important  effect  on  the  laser  threshold  of  solutions  of  europium  benzoy- 
trifluoroacetonate.  A  series  of  new  europium  chelates  have  been  synthesized 
and  some  of  their  properties  studied.  laser  operation  has  been  achieved  with 
three  of  these  new  europium  chelates  in  acetonitrile.  The  effects  of  scattering 
on  laser  performance  are  shown  to  be  large  lor  these  systems  soluble  in  organic 
solvents. 
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1.  INTRODUCTION 


The  last  report  of  liquid  laser  research  at  Westinghouse  was  the 
Final  Technical  Summary  Report  on  contract  Nonr-4|?T3(  00)  issued  31  December 
19 6k.  Thi j  report  summarized  the  work  done  at  Westinghouse  with  both  government 
and  Westinghouse  funds  from  1961  up  to  the  end  of  19 6U.  Since  contract 
Nonr-l*573(00)  did  not  begin  until  1  July  19^,  most  of  this  work  was  conducted 
with  company  funds.  The  present  report  summarizes  the  work  done  during  1965 
with  both  company  and  government  funds.  Again,  most  of  these  studies  have 
been  performed  with  company  funding. 

There  are  two  serious  problems  with  existing  liquid  lasers.  First, 
the  cross  section  at  the  peak  of  the  absorption  bands  of  the  chelates  employed 
are  too  high  to  be  utilized  effectively  in  pumping  many  proposed  laser  systems. 
Secondly,  existing  liquid  lasers  employ  organic  solvents  which  have  comparatively 
large  values  of  refractive  index  change  with  respect  to  temperature,  dn/dT. 

During  optical  pumping,  this  leads  to  severe  light  scattering  effects  within 
the  laser  material.  Both  of  these  problems  were  pointed  out  in  the  last  report. 

As  discussed  in  that  report,  it  appears  that  the  use  of  heavy  water  as  the 
solvent  for  liquid  lrsers  would  result  in  a  laser  matrix  with  far  better  optical 
qualities  than  organic  solvents  and  in  fact,  better  than  most  crystalline 
materials  as  well.  Basically,  this  is  because  changes  in  refractive  index  due 
to  temperature  and  stress  optical  effects  are  essentially  zero  for  heavy  water 
near  6°C.  For  this  reason,  the  goal  of  the  liquid  laser  research  at  Westinghouse 
has  been  the  development  of  a  laser  employing  heavy  water  as  a  solvent.  Studies 
of  systems  soluble  in  heavy  water  are  discribed  in  Section  2  of  the  present  report. 

It  appears  that  there  are  two  basic  ways  of  approaching  the  absorption 
band  problem.  These  are  discussed  in  Section  2.1. 


-  2  - 


2.  SYSTEMS  SOLUBLE  IN  HEAVY  WATER 

In  order  to  develop  systems  with  more  suitable  absorption  properties 
for  optical  pumping  purposes,  the  work  discussed  in  Section  2  was  performed. 

The  studies  described  in  Sections  2.2  and  2.k  were  begun  with  Westinghouse 
funds.  This  work  was  finished  under  the  present  contract.  The  studies 
summarized  in  2.3  were  performed  under  the  present  contract. 

2.1  Ways  of  Solving  the  Optical  Pumping 
Problem  for  Liquid  Lasers 

As  mentioned  in  the  introduction,  one  of  the  two  important  problems 
with  existing  liquid  lasers  is  the  poor  efficiency  with  which  these  solutions 
convert  flesh  lamp  light  to  europium  ion  population  inversion.  There  appears 
to  be  two  separate  approaches  to  this  problem.  The  first  is  to  modify  the 
europium- containing  species  in  solution  so  that  part  of  the  molecule  possesses 
absorption  bands  suitable  for  efficient  laser  pumping.  This  approach,  although 
certainly  a  feasible  one  in  principle,  has  proven  to  be  quite  difficult. 
Basically,  this  is  because  all  of  the  la  requirements  of  high  quantum 
efficiency,  good  solubility,  good  absorption  characteristics;  etc.  ere  imposed 
on  one  species.  While  it  is  fairly  easy  to  satisfy  some  of  these  requirements 
it  is  difficult  to  satisfy  all  of  them  simultaneously  in  cne  molecule. 

The  second  approach  is  to  utilize  the  process  of  intermolecular  energy 
transfer  in  solution.  Here  one  species  (the  sensitizer)  absorbs  the  flash  lamp 
light  and  transfers  part  of  this  energy  to  a  separate  lasing  species  (the  activa¬ 
tor).  This  approach  has  the  fundamental  advantage  that  it  relaxes  the  require¬ 
ments  placed  on  the  lasing  species.  That  is,  it  no  longer  must  possess  satis¬ 
factory  laser  pump  bands.  In  addition,  the  concentration  of  the  sensitizer  may 
be  adjusted  essentially  independently  of  that  of  the  activator.  This  allows  one 


-  3  - 


to  adjust  the  concentration  of  uhe  sensitizer  to  a  desirable  .level  for  its 

absorption  cross  section  to  efficiently  absorb  the  flash  lamp  light.  Por 

example,  if  the  laser  solution  diameter  to  bt  pumped  is  d  and  the  cross  section 

n^ar  the  peek  of  the  sensitizer  absorption  band  is  a,  the  number  of  ions  per 

unit  volume  of  the  sensitizer  needed  to  make  efficient  v  of  the  pump  light 

is  about  l/nd.  The  process  of  intermoleeular  energy  transfer  is  known  to  be 

strongly  dependent  on  the  distance  R  between  the  sensitizer  and  activator. 

If  the  transfer  process  is  of  the  dipole-dipole  resonance  type,  the  probability 

of  transfer  cf  energy^ ^  from  the  sensitizer  to  the  activator  is  proportional 

to  (R  /r)^  where  R  defines  the  range  for  efficient  transfer.  In  order  to 
o'  o 

maximize  the  transfer  process  from  this  point  of  view,  the  concentration  of 

activators  should  be  adjusted  so  that  every  sensitizer  has  at  least  one 

activator  within  the  spnere  of  radius  These  requirements  can  be  satisfied 

in  solution.  Efficient  transfer  has  been  shown  to  take  place  in  orgsnic 

(2 )( 3 ) 

solutions  to  rare  earth  ions 

2 . 2  Intemolecular  Energy  Transfer  in  Heavy  Water:  System  I 

We  have  shown  intermoleculsr  energy  transfer  to  exist  between  the 
p-benzoylbenzoate  anion  (p-BB)~  and  europium  ethylenedieminetetraacetate 
Eu(EDTA)”  in  heavy  water  solution.  A  paper  which  describes  this  system  in 
detail  has  been  accepted  for  publication  in  the  Journal  of  Chemical  Physics. 

Tills  paper  is  included  in  this  report  as  Appendix  A.  This  system  does  not 
lase;  presumably  because  of  photodecomposition  of  (p-BB)  .  However,  the  system 
is  important  in  that  it  demonstrates  for  the  first  time  that  efficient  inter- 
molecular  energy  transfer  can  take  place  in  heavy  water.  When  ultraviolet  light 
ib  absorbed  by  the  (p-BB)  ion,  part  of  the  absorbed  energy  is  transfered  to 
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Eu(EDTA)*  .  Narrow  line  fluorescence  characteristic  of  the  europium  ion  in 

Eu(EDTA)"  is  then  observed.  The  overalJ  quantum  efficiency  of  this  process 

at  room  temperature  has  been  shown  to  be  as  high  as  20$, 

2 • 3  Inter  and  Intramolecular  Energy  Transfer  in 
Heavy  Water;  System  II 

The  successful  demonstration  of  intermolecular  energy  transfer  in 

heavy  water  between  p-benzoylbenzoate  and  Eu(EDTA)  has  encouraged  the  search 

for  other  materials  which  will  sensitize  Eu(EDTA)  .  At  first  glance,  materials 

+3 

which  are  known  to  form  relatively  insoluble  complexes  with  Eu  in  water  might 
be  excluded  from  such  a  search.  The  benzoytrif luoroacctonc  tmion  (BTF)  is 
such  p  material  forming  the  relatively  insoluble  Eu(BTF)^  water.  However, 
if  the  absorption  cross  section  of  the  sensitizer  is  high,  the  required  concen¬ 
tration  of  the  sensitizer  for  efficient  laser  pumping  will  be  low.  In  fact, 
the  required  concentration  may  be  so  low  as  to  be  within  the  solubility  limits 
of  the  system.  For  example,  the  molar  absorption  coefficient  e  for  the  (BTF)’ 
anion  at  the  peak  of  the  absorption  band  at  3200^  is  about  1.5  x  10*.  If  the 
penetration  depth,  d,  defined  by  l/ct  where  Cl  is  the  absorption  coefficient  at 
320cfi  is  to  be  one  centimeter,  then  the  concentration  of  (BTF)~  must  be  1.8  x 
10  cm’-3.  We  have  investigated  mixtures  contain!  )g  NaEu(EDTA)  at  a  concentration 

x3  o  iq  x6  *3 

of  6  x  Kr°  cm’"5  and  Na(BTF)  at  concentrations  between  6  x  10  and  6  x  10  cm  . 

Solubility  is  complete  in  this  range  of  concentrations. 

l6  -  3 

At  a  concentration  of  6  x  10  cm’0  in  Na(BTF),  intermolecular  energy 
transfer  takes  place  from  (BTF)’  to  Eu(EDTA)’.  At  this  concentration  in 
Na(BTF),  the  fluorescence  spectrum  of  the  mixture  ,  shown  in  Fig.  l(a  ),  is 
identical  to  that  observed  for  Eu(EDTA)"  alone^\  However,  the  excitation 
spectrum  of  the  fluorescence  of  this  mixture  shown  in  Fig.  2(a )  is  not  that  of 


Curve 


(bi  Natu  tOTA,  0.01M;  Na  BTF,  0.01M 
( curves  have  been  normalized  to  the  same  height! 
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Eu(EDTA)”  alone^\  The  broad-band  excitation  spectrum  shewn  in  Fig.  2(a) 
must  therefore  b«  due  to  the  presence  of  (BTF)’.  The  fact  that  absorption 
of  light  by  (BIT)”  leads  to  fluorescence  is  evidence  only  of  energy  transfer. 

The  fact  that  the  observed  fluorescence  is  identical  to  that  of  Eu(EDTAr 
alone  in  solution  is  strong  evidence  that  the  tr*nsfer  is  intermolecular  in 
character. 

-2 

When  the  concentration  of  Na(BTF)  is  increased  to  10~  M,  energy 
transfer  still  takes  place  but  it  is  pres  -minantly  intramolecular  in  form. 

At  this  concentration  a  mixed  ligand  complex  between  ru(EDTA  )~  and  (BTF)~  is 
formed.  This  is  indicated  by  the  change  in  the  fluorescence  spectrum  from  that 
shown  in  Fig.  1(a)  to  that  shown  in  Fig.  l(b).  The  transfer  of  energy  from 
the  (BTF)"  ligands  to  the  europium  ion  is  again  demonstrated  by  the  excitation 
spectrum  shown  in  Fig.  2(b). 

2.4  Mixed- Ligand  Complex  Formation  in  Solution 

As  mentioned  in  Section  2.1,  another  way  to  enhance  the  absorption 
characteristics  for  laser  purposes  is  to  modify  the  rare-earth  containing  species 
so  that  part  of  the  molecule  possesses  absorption  bands  suitable  for  laser 
pumping.-  One  way  to  do  this  is  to  form  a  mixed  ligand  complex  in  solution 
between  the  rare-earth  containing  species  and  a  second  ion. 

We  have  studied  such  mixed  ligand  complexes  in  solution  between  both 
Tb(EDTA)  ,  and  Eu(EDTA )~  and  the  5-sulfosalieylate  ion,  (SSA)’^.  The  (SSA)”^ 
ion  forms  mixed  ligand  complexes  in  heavy  water  with  both  Tb(EDTA)"  and  Eu(EDTA)". 
When  ultraviolet  light  is  absorbed  by  the  (SSA)  ",  energy  is  transferred  intra- 
moleculariy  to  the  terbium  ion  from  which  fluorescence  occurs  with  high  quantum 
efficiency.  The  quantum  efficiency  for  this  process  in  the  europium  complex  is 
however  very  low.  A  paper  which  describes  these  systems  in  detail  has  been 
accepted  for  publication  in  the  Journal  of  Nuclear  Chemistry  and  is  included  in 
this  report  as  Appendix  B. 
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3 .  SYSTEMS  SOLUBLE  IK  ORGANIC  SOLVENTS 
In  the  hope  of  obtaining  information  which  would  aid  in  designing 
systems  for  use  in  heavy  water,  the  studies  in  Section  3  were  performed. 

The  work  summarized  in  Section  3*1  was  started  under  contract  Nonr-4573( 00), 
and  finished  with  Westinghouse  funds.  The  studies  described  in  Section  3*2 
we**e  started  with  Westingnouse  funds  end  finished  under  the  present  contract. 

3 . 1  Some  Effects  Involving  the  Organi c  Cation  in  Europium 
Benzoyltrifluoroacetonate,  Eu(BTF)£,  Solutions 

It  is  of  interest  to  determine  the  effect,  if  any,  on  the  laser 

threshold  of  varying  the  organic  cation  while  holding  the  lasing  species 

constant.  In  this  case,  the  lasing  species  was  the  Eu(BTF)^  anion  in  ace- 

tonitrile^^^.  Fifteen  organic  salts,  BEu(BTF)^,  were  synthesized  and  the 

laser  threshold  studied. 

Electrical  conductivity  measurements  indicate  that  each  of  the 
salts  in  acetonitrile  is  dissociated  to  a  large  degree  to  the  free  cation  B+ 
and  Eu(BTF)^.  In  addition,  the  flash  lamp  light  absorbed  by  B+  is  in  all  cases 
negligible  compared  to  that  of  Eu(BTF)^.  One  might  expect  therefore  that  the 
laser  threshold  of  these  solutions  would  be  the  same.  Actually  the  threshold 
varies  considerably  from  one  salt  to  the  other  and,  in  fact,  the  quinolinium 
salt  did  not  lase  at  all.  In  the  case  of  the  quinolinium  salt,  it  was  found 
that  the  presence  of  the  quinolinium  cation  enhanced  the  dissociation  of 
Eu(BTP’)^  in  solution  to  such  an  extent  as  to  prevent  laser  operation.  These 
studies  showed  therefore  that  the  organic  cation  can  be  important  in  determining 
the  laser  characteristics  of  the  solution.  A  paper  containing  further'  details 
of  this  study  has  been  accepted  for  publication  in  the  Journal  of  Applied 
Physics,  A  copy  of  this  paper  is  included  in  this  report  as  Appendix  C. 


-  9  - 


3.2  A  Series  of  New  Europium  Chelates; 

Laser  Action  In  Three  New  Chelates 

As  discussed  in  Section  3.1,  variations  in  the  cation  in  organic 
salt  solutions  of  Eu(BTF)^  can  have  an  important  effect  on  the  laser  properties 
of  the  solution.  However,  since  the  anion,  Eu(BTF) ^  is  the  lasing  species, 

alterations  in  the  structure  of  this  ion  should  lead  to  an  even  more  pronounced 
effect  on  the  laser  characteristics  of  the  solution.  This  appears  to  be  the 
case .  We  have  synthesized  a  number  of  new  europium  chelates ;  all  having 
different,  structures  but  all  of  the  same  basic  tetrakis  form.  Sane  of  the 
properties  of  these  materials  are  summarized  in  Table  I. 

We  have  obtained  laser  action  in  three  of  these  chelates  dissolved 
in  acetonitrile ..  These  are  a- naphthyl ,the  p-methoxyphenyl  and  the  2,5- 
dlmethoxyphenyl  compounds.  The  reasons  for  the  failure  of  some  of  the  other 
chelates  to  lase  are  not  yet  clear.  Some  chelates  that  do  not  lase  have  a 
higher  quantum  efficiency  than  chose  which  do  lase.  Hie  answer  to  this  problem 
must  await  a  more  complete  investigation. 

The  properties  of  one  of  the  three  new  chelates  which  lase  have  been 
investigated  in  more  detail.  This  material  is  the  piperidinium  salt  of  europium 
tetralds  ct-naphthoyltrifluorcacetonate,  PEu(a-NTF)^;  in  acetonitrile.  In  solution 
this  material  has  a  somewhat  lower  quantum  efficiency  than  Eu(BTF)^  and  therefore 
lases  at  soaewhat  lower  temperatures;  laser  action  being  observed  at  temperatures 
up  to  '*10°C.  The  scattering  loss  due  to  index  of  refraction  changes  during  optical 
pumping  is  high..  At  threshold  this  loos  is  about  30$  per  pass.  In  addition, 
the  beam  divergence  of  this  laser  is  poor.  Qualitatively,  these  results  are 
consistent  with  the  measurements  made  of  time  dependent  scattering  during  optical 

/  Q\ 

pumping  in  organic  liquids'  ' .  A  paper  containing  a  more  detailed  description  of  the 
spectroscopic,  chemical  and  laser  properties  of  Eu(ct-NTF)^  in  acetonitrile  is  included 
in  this  report  as  Appendix  D.  Thi3  paper  ie  being  submitted  for  publication  in 

1 

the  Journal  of  Chemical  Physics . 
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Table  I 

Europium  Chelates  Derived  from  0-Diketones  Related  to  Benzoyltrifluoroacetone 


B  Yield(^)  Elemental  Analyses 

£l  £iL  #1 


2- thienyl 

1*8 

calcd. 

39-6 

2.5 

1.3 

found 

39-5 

2.4 

1.2 

p-xenyl 

89 

calcd. 

59-1 

3-7 

1.0 

found 

59-5 

3.9 

1.0 

Ct- naphthyl 

96 

calcd. 

56.4 

3-4 

1.1 

found 

56.3 

3-5 

1*5 

0- naphthyl 

98 

calcd. 

56.4 

3-4 

l.l 

found 

56.1 

3.2 

1.3 

p- f luorophenyl 

94 

calcd. 

46.2 

2.8 

1.2 

found 

46. 8 

2.5 

1.2 

p- me t  hoxyphen yl 

68 

calcd. 

48.3 

3-6 

1.2 

found 

48.5 

3.8 

1.1 

2 , 5- dimet hoxypnenyl 

96 

calcd. 

47.5 

3*9 

1,0 

found 

47.7 

4.0 

1.0 

0- methoxyphenyl 

92 

calcd. 

48.3 

3-6 

1,1 

found 

47.8 

3.6 

1.2 

2-fluorenyl 

98 

calcd: 

60.4 

3.6 

1.0 

found 

6o.4 

3.6 

0.7 

3-phenanthrenyl 


93 


calcd.  61.7  3*5  1.0 

found  60.9  3.5  0.8 


4 .  SUMMARY  AKD  SUGGESTIONS  FOR  FU1URE  WORK 

Systems  soluble  in  both  organic  solvents  and  heavy  water  have  been 
studied.  The  work  in  heavy  water  has  been  emphasized  because  of  the  better 
optical  homogeneity  properties  of  that  solvent  for  liquid  laser  applications. 

Two  different  types  of  systems  have  been  studied  in  heavy  water. 

The  work  with  both  types  of  systems  has  been  aimed  at  improving  the  optical 
pumping  characteristics  of  materials  in  solution. 

The  first  type  of  system  is  a  mixed  ligand  complex  in  solution. 

Ihe  idea  here  is  to  modify  an  existing  chelate  by  incorporating  ligands  having 
better  absorption  characteristics  for  laser  pumping  purposes. 

The  second  type  of  system  contains  two  different  species  in  solution, 
a  sensitizer  and  an  activator.  The  process  of  intermolecular  energy  transfer 
is  then  used  to  excite  the  europium  containing  species  (the  activator).  We 
have  shown  intermolecular  energy  transfer  to  take  place  for  the  first  time 
in  heavy  water.  Intermolecular  energy  transfer  appears  to  show  the  greatest 
promise  for  efficient  optical  pumping  of  liquid  lasers. 

The  work  with  chelates  soluble  in  organic  solvents  may  be  divided 
into  two  general  parts.  The  first  part  describes  effects  which  show  that  the 
organic  cation  may  have  an  important  effect  on  the  laser  properties  of  a  solution. 
The  second  part  describes  some  effects  associated  with  variations  in  the 
structure  of  the  europium  containing  anion  where  the  basic  tetrakis  form  of  the 
anion  has  been  maintained,  A  number  of  new  chelates  of  this  type  have  been 
synthesized  and  studied.  Three  of  these  have  b«en  shown  to  lase.  The  effects 
of  scattering  in  these  lasers  are  however  large  since  they  employ  an  organic 


solvent. 
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solvent . 
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From  the  standpoint  of  the  development  of  efficiently  pumped  high 
radiance  liquid  lasers,  systems  soluble  in  heavy  water  and  employing  inter- 
molecular  energy  transfer  in  solution  appear  to  hold  considerable  promise. 
Work  along  these  lines  should  be  intensified  to  take  advantage  of  the  fact 
that  effects  associated  with  change  in  refractive  index  with  temperature  and 
stress  optic  effects  are  both  essentially  absent  in  heavy  water  near  6°C. 
Except  for  water,  which  has  certain  undesirable  characteristics,  heavy  water 
appears  to  be  unique  in  this  respec+. 
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ABSTRACT 


Ultraviolet  radiation  absorbed  by  the  p-benzoylbenzoate 

ion  in  solution  is  transferred  to  an  appreciable  extent  to  the  europium 

ethylenediaminetetrascetate  (EuEDTA”)  ion  and  is  reemitted  as  the  visible  red 

34- 

fluorescence  characteristic  of  Eu  .  Fluorescence  intensity  is  greater  in 
DgO  than  in  water.  The  fluorescence  is  quenched  by  dissolved  0^,  Although 
evidence  for  mixed  ligand  complexes  involving  p-BB“  and  EuEBTA”  was  obtained, 
fluorescence  seems  to  result  from  ultraviolet  absorption  by  free  p-BB”  ions 
followed  by  inte molecular  energy  transfer  to  free  EuEETA"  ions.  The  analogous 
aqueous  systems  containing  o-BB"  or  m-BB”  are  non-fluorescent,  although  all 


three  of  the  solid  hydrated  salts  Eu(o-BB)^,  Eu(m-BB)„  and  Eu(p-BB)_  fluoresce 


brightly  at  room  temperature. 
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ENERGY:  TRANSSER  BETWEEN  p-BEiTZOYLBSNSOATE  ANT) 

EUROP.TUH  EmiENEDIAMINETEmUCETATE  IN  WATER  SOLUTION* 

R.  G»  Charles,  E.  P.  Riedel  and  P.  G.  Have-lack 
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Pittsburgh,  Pennsylvania  15235 

INTRODUCTION 

Several  workers  have  observed  energy  transfer  between  aromatic 

1-4 

ketones  or  aldehydes  and  trivalent  europium  in  solutions  of  organic  liquids 

Such  transfer  has  been  suggested  as  a  means  of  more  efficiently  converting 

■>  x 

pump  light  to  europium  ion  fluorescence  in  liquid  laser  devices  .  We  have 

been  interested  in  analogous  systems  involving  water-soluble  ketone  derivatives. 

Water,  and  especially  heavy  water  (D^O)  have  inherent  advantages  as  liquid 

laser  solvents,  notably  the  small  variation  of  refractive  index  with  temperature 

5  6 

near  the  freezing  point  '  .  We  have  now  observed  significant  energy  transfer, 
in  HgO  and  in  D^O,  between  the  p-benzoylbenzoate  ion  (formula  I)  and  europium 


Part  of  this  investigation  was  carried  out  under  contract  None-45T5(00)  as  a 
part  of  Project  DEFENDER  under  the  Joint  sponsorship  of  the  Advanced  Research 
Projects  Agency,  the  Office  of  Naval  Research,  and  the  Department  of  Defense. 
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in  the  fora  of  its  ethyleucdiaminetetraacetate  chelate  (EuEDTA”,  forauJ «  II). 
Interestingly  enough,  detectable  energy  transfer  was  not  observed  when  the 
analogous  o-  or  ra-benzoylbenzoate  Ions  were  U30d. 

EXPERIMENTAL 

Materials 

The  salt  NaEuEDTA •  81^0  vac  prepared  by  reacting  Euo0.  with 

7 

ethylenediaminetetraacetic  acid  and  NaCH  in  water  solution  ,  The  product  was 

purified  by  dissolving  in  water  and  reprecipitating  with  acetone.  The  purified 

salt  was  air-dried  at  room  temperature . 

p-3enzoylbenzoic  acid  was  obtained  from  K  and  K  Laboratories,  Plainview, 

N.Y.  The  compound  was  re crystallized  from  ethanol.  K  and  K  Laboratories 

o-be^zoylbenzoic  acid  was  dissolved  in  dilute  aqueous  KOH  and  reprecipitated 

with  3C1.  The  precipitated  material  was  reerystallizcd  from  ethanol- water. 

8 

m-Beczo^lbensoic  acid  was  synthesized  by  the  method  of  White  et  al  .  The  product 
was  purified  by  dissolving  in  toluene  and  precipitating  with  petroleum  ether. 

Solid  europium  salts  of  the  three  benzoyibenzoic  acids  were  prepared 
as  follows.  The  o-,  m~,  or  p-benzoylbenzoic  acid  (0.01  mole)  was  stirred  in  a 
flask  with  a  mixture  of  100  ml  water  and  10  ml  1  M  NaGH  until  dissolved.  An 
aqueous  soluxion  of  Lindsay  99*9  percent  EuCju  (7*^3  ml  of  0*4-44  M)  was  then 
adcLed  dropvlse  to  the  stirred  solution  over  a  period  of  5  minutes.  A  white 
precipitate  formed  throughout  the  addition.  After  stirring  for  an  additional 
1./2  hour  the  solid  was  filtered  off ,  washed  with  water  and  dried  in  vacuo  at 
room  temperature.  Hie  products  fr*»\  the  m-  and  p-benzoic  acids  were  re  crystallized 
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Absorption  spectra  of  the  sodium  benzoylbenzoates  were  obtained  with 

a  Cary  Model  14  spectrophotometer  and  1  cm  quartz  cells.  Solutions  lO-^  to 

.2 

10  M  were  prepared  from  the  respective  acids  in  0.1  M  NaOH  as  solvent,  (in 
all  experiments  involving  mixtures  of  vcnzoylbenzoates  with  EuEDTA”  only  the 
stoichiometric  quantity  of  NaOH  was  employed. )  Concentrations  of  NaEuEDTA  in 
water  were  in  the  range  0.01  to  0.05  M.  Two  mm.  or  1  an.  quartz  cells  were 
used  as  required. 

Florescence  spectra  were  obtained  with  a  1/2  meter  Jarrell  Ash 
spectrometer  with  a  cispersion  of  32  A  per  millimepjr.  A  photomultiplier 
with  an  S-20  characteristic  response  was  used  to  detect  the  sigoal.  A 
Coming  CS5-68  filter  was  placed  between  th»  sample  and  the  entrance  slit  in 
order  to  remove  scattered  lamp  light  below  520  rap.  The  fluorescent  spectre 
are  presented  uncorrected  for  system  sensitivity  which  is  a  factor  of  2.1 
greater  at  580  than  at  720  mu  ard  is  approximately  linear  in  this  range. 
Illumination  of  the  sample  in  a  desired  wavelength  band  wao  achieved  by  passing 
the  light  from  an  Osram  (XB0-900)  xenon  arc  lamp  through  a  second  1/2  meter 
Jarrell  Ash  spectrometer  (dispersion  52  A/mm)  th  a  Coming  CS  5-58  filter 
placed  between  the  exit  plane  and  the  sample  in  order  to  eliminate  scattered 
light  above  480  -.ip . 

Excitation  spectra  were  obtained  by  scanning  with  the  spectrometer  used 
in  illumination  of  the  sample  and  setting  the  other  spectrometer  at  the  desired 
wavelength  of  the  fluorescent  spectrum  to  be  monitor  The  spectra  are  recorded 
and  here  presented  reduced  to  constant  quanta  per  unit  wavelength  interval  of 


the  exciting  beam.  This  was  achieved  by  defecting  with  a  photomultiplier  the 

Q 

fluorescence  of  a  rho&aaine  R  quantum  counter  vtaich  vac  excited  by  a  portion 
of  the  beam  used  to  excite  the  sample.  This  signal  was  then  radioed  with  the 
signal  fx'om  the  sample  fluorescence. 


RESULTS  AND  DISCUSSION 


Nature  of  the  soluble  oui 


Addition  of  sodium  p-benzoylben  ioate  (ha  p-BB)  to  a  water  solution 

of  NaEuEDTA  produc  j  a  white  precipitate  at  low  molar  ratios  Na  p-BB/NaEuEWA. 

At  higher  ratios,  a  clear  homogeneous  solution  is  obtained.  Elemental  analyses 

for  the  white  precipitate  indica  d  no  nitrogen  content  and  were  consistent 

with  nydrated  europium  p-benzeylbenzoate  (Eu(p-BB),).  The  displacement  of  the 

europium  from  the  very  stable^0  EuEEFA”  ion  is  apparently  associated  with  the 

low  solubility  of  Eu(p-BB),  in  water.  Fig.  1,  curve  A.  shows  the  fraction  of 

5 

the  europium  which  is  precipitated  as  a  function  of  the  amount  of  Na  p-BB 

added.  Redissolution  of  the  Su(p-BB)a,  at  higher  ratios  of  Na  p-BB/NaEuEKEA, 

is  most  readijy  explained  by  the  fOTnetion  of  soluble  mixed  ligand  complexes 
4- 

having  both  EDTA  and  p-3B  ions  bonded  to  the  same  europium.  The  possibility 
of  dissolution  of  Eu(p-BB)^  as  ions  such  as  Eufp-BB)^”  is  ruled  out  by  the 
results  of  curve  B,  Fig.  1.  Here  Ka  p-BB  has  been  added  to  water  solutions  of 
EuCly  The  curve  shows  the  formation  of  insoluble  Bu(p-BB),,  without  indication 
of  the  formation  of  soluble  species  in  the  presence  of  excess  p-BB”. 


Bonding  of  the-  p-BB"  ions  to  the  europium,  in  mixed  complexes,  is 
undoubtedly  through  the  carboxylate  group.  Simple  complexes  of  the  rare  earth 
metals  derived  from  carboxylic  acids  are  veil  known^;  and  the  alternate  bonding 
possibility  in  the  present  instance,  i.e.  through  the  keto  carbonyl  group,  does 
not  seem  likely  in  aqueous  solution.  Simple  rare  earth  carboxylate  complexes 
do  not  have  high  stabilities  toward  dissociation  in  solution^.  It  is  likely, 
therefore,  that  mixed  EuEDTA" -p-BB~  complexes  would  be  in  equilibrium  with 
appreciable  concentrations  of  free  EuEDTA'’.  Qfce  presence  of  free  EuEDTA"  is 
indicated  by  the  fluorescence  results  discussed  below. 


Light  absorption  and  fluorescence  properties 

Figure  2  compares  the  ultraviolet  absorption  spectra  of  the  three 
isomeric  benzoylbenzoate  ions  with  the  spectrum  of  EuEDTA" .  The  benzoyl- 
benzoates  absorb  much  more  strongly  throughout  the  ultraviolet  than  does 
EuEDT/C  In  solutions  containing  comparable  molar  quantities  of  benzoylbenzoate 
and  EuEDTA",  therefore,  ultraviolet  absorption  is  almost  entirely  through  the 
BB".  This  was  shown  to  be  the  case  fora  (Na  p -BB } - ( Nt'JSDTA )  mixture 
(p-BB"/EDTA  =  6),  the  spectrum  of  which  was  indistinguishable  from  that  of 
p-BB”  alone. 

The  spectra  of  the  BB*  ions  show  absorption  at  the  longer  wavelengths 

j t  ^ 

due  to  n-7T  transitions  associated  with  the  keto  carbonyl  groups.  These  n-7r 
bands  appear  as  shoulders  on  the  more  intense  “if  -  7r  bands  vhicn  peak  at 


shorter  wavelengths. 
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Solutions  in  H^O  or  D^O  containing  p-BB"  and  EuSITIA""  gave  the 

characteristic  red  fluorescein  e  of  Ju  when  exposed  to  ultraviolet  light. 

The  corresponding  aqueous  systems  containing  m-  or  o-HB~  gave  undetectable 

fluorescence  (lower  by  at  least  a  factor  of  50 )  and  they  were  not  further  studied. 

The  fluorescence  spectrum  of  a  DgO  solution  containing  NaEuEDTA  and 

Na  p-BB  is  given  in  Figure  3c.  The  fluorescence  is  found  to  be  due  entirely  to 

3+ 

transitions  within  the  4f  shell  of  the  bonded  Eu  ion.  Electronic  transitions 

11 

probably  responsible  for  the  observed  emission  bands  are  shown  on  the  Figure o 

The  fluorescence  spectrum  of  HaEuEDTA  alone,  in  D^O  was  also  obtained  (Fig.  3^)* 

Except  for  greatly  decreased  overall  intensity  (associated  with  the  lower 

absorption  of  ultraviolet  radiation.  Fig.  2)  the  spectrum  is  identical  with  the 

12 

fluorescence  spectru  of  the  mixture  .  This  evidence  strongly  suggests  that 

the  free  EuEDTA ~  ion  is  the  fluorescing  species  in  (p-BB~ )-( EuEDTA” )  mixtures. 

5  7 

The  weak  D^-  F^  fluorescence  was  examined  at  higher  amplification  and  resolution 

for  further  evidence  of  the  identity  and  number  of  fluorescing  species  present. 

These  spectra  ere  shown  at  the  right  in  Fig.  3*  Since  theory  predicts  only  a 

single  emission  band  in  this  region  of  the  fluorescence  spectrum  fer  tri valent 

europium ,  the  presence  of  more  than  one  band  can  be  taken  as  evidence 

13 

for  more  than  one  fluorescing  species  .  Surprisingly,  the  EuEDTA  ion  under 
conditions  of  high  resolution  (Fig.  3*0  shows  definite  splitting,  possibly 
indicating  the  presence  of  more  than  one  isomeric  form  of  this  ion.  That  the 


c  n  — 

number  of  resolved  ?Dq-  F^  bands  is  not  increased  in  the  {EuEDTA”  )-(p-BB” ) 
mixture,  is  additional  evidence  that  EuEDTA”  is  the  sole  fluorescing  ion. 

The  emission  spectrum  of  EuCl*  in  solution  is  shown  in  Fig.  3  for 

5  7 

comparison.  As  expected,  only  a  single  D^-  Fq  band  is  observed.  Hie  relative 
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intensities  of  bands  vithin  the  spectrum  of  EuCl^  differ  significantly  from 

those  of  B&JEJuEDTA,  illustrating  the  sensitivity  of  Eu  emission  spectra  to  changes 

in  the  local  environment*  The  emission  spectra  of  EuCl-  and  EuEDTA  in  Do0 

agree  veil  vith  those  reported  by  Gallagher  for  HgO  solutions^.  (Gallagher 

does  not  indicate,  hovever,  vhether  splitting  vas  observed  in  the  -^F- 

o  o 

region  for  EuEDTA- .) 

The  absolute  quantum  efficiency  for  the  conversion  of  absorbed 

3+ 

ultraviolet  radiation  to  total  Eu  fluorescence  vas  measured  for  an  air- 
equilibrated  DgO  solution  0 .2  M  in  p-BB  and  0 .01  M  in  EuEDTA” .  A  room 
temperature  value  of  15$  vas  obtained.  When  air- equilibrated  HgO  vas 

substituted  for  D_0,  the  fluorescence  efficiency  dropped  to  2$.  Kropp 

2  5 

15 

and  Windsor  '  have  noted  a  similar  enhancement  of  fluorescence  intensity  for 
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simple  rare  earth  salts  in  Do0  as  compared  vith  solutions  in  1^0.  For  both 

HgO  and  D^O,  the  quantum  efficiency  of  the  present  system  vas  practically  lnde- 

» 

pendent  of  temperature  in  the  range  5°  to  26°C. 
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The  observed  quantum  efficiency  vas  found  to  be  ineasureebly  sensitive 
to  the  presence  of  dissolved  0^.  When  the  above  solution  in  D^O  vas  flushed 
vith  argon  for  l/2  hr.,  the  fluorescence  quantum  efficiency  increased  to  20$. 

When  the  solution  vas  flushed  vith  pure  0^,  the  quantum  efficiency  decreased  to 

,  1  i 

5$.  The  sensitivity  to  oxygen  is  further  evidence  that  energy  transfer  occurs 

intermolecularly  between  free  p-BB  ions  and  the  fluorescing  species  EuEDTA” . 

The  fluorescent  intensity  at  room  temperature  of  an  air  equilibrated  d20 

solution  0.2  M  in  p~HB~  and  0.01  M  in  EuEDTA  decayed  exponentially  vith  a  decay 

tjime  of  2.0  msec.  The  same  result  vas  observed  for  a  0.01  M  solution  of  EuEDTA 

alone.  The  identical  decay  times  is  additional  evidence  that  the  fluorescing 

species  is  EuEDTA-  in  solutions  containing  both  EuEDTA-  and  p-BB  . 

In  Fig.  h  the  excitation  epectrua  of  a  (EuEDTA- )-(p-BE~)  mixture  is 

3+ 

compared  vith  those  of  EuEDTA  ,  alone,  and  vith  Eu  *  In  agreement  vith  the 


intensities  of  bands  within  the  spectrum  of  EuCl-  differ  significantly  from 


those  of  NaEuEDTA,  illustrating  the  eensitivity  of  Eu  emission  spectra  to  changes 


and  EuEDTA  in  Drt0 


in  the  local  environment 


(Gallagher 


agree  veil  vith  those  reported  by  Gallagher  for  EgO  solutions  . 
does  not  indicate,  however,  whether  splitting  was  observed  in  the 


region  for  EuEDTA’ . ) 


Hie  absolute  quantum  efficiency  for  the  conversion  of  absorbed 


ultraviolet  radiation  to  total  Eu  fluorescence  was  measured  for  an  air 


equilibrated  DgO  solution  0-2  M  in  p-HB  and  0.01  M  in  EuEDTA  .  A  room 

temperature  value  of  1 5$  was  obtained.  Wnen  air-equilibrated  HgO  was 

substituted  for  D_0,  the  fluorescence  efficiency  dropped  to  2$.  Kropp 
15  2  I 

and  Windsor  '  have  noted  a  similar  enhancement  of  fluorescence  intensity  for 


simple  rare  earth  salts  in  DpO  as  compared  with  solutions  in  HgO.  For  both 
IUO  and  Do0,  the  quantum  efficiency  of  the  present  system  was  practically  inde 


The  observed  quantum  efficiency  was  found  to  be  measureably  sensitive 


to  the  presence  of  dissolved  Og.  When  the  above  solution  in  DgO  was  flushed 
with  argon  for  l/2  hr.,  the  fluorescence  quantum  efficiency  increased  to  20$ 


When  the  solution  was  flushed  with  pure  0o,  the  quantum  efficiency  decreased  to 


Hie  sensitivity  to  oxygen  is  further  evidence  that  energy  transfer  occurs 


intermolecularly  between  free  p-HB  ions  and  the  fluorescing  species  EuEDTA 


The  fluorescent  intensity  at  room  temperature  of  an  air  equilibrated  Do0 


solution  0.2  M  in  p-BB  and  0.01  M  in  EuEDTA  decayed  exponentially  with  a  decay 


of  2.0  msec.  Hie  same  result  was  observed  for  a  0.01  M  solution  of  EuEDTA 


alone.  Hie  identical  decay  times  is  additional  evidence  that  the  fluorescing 


species  is  EuEDTA  in  solutions  containing  both  EuEDTA  and  p-BB  . 

In  Fig.  k  the  excitation  spectrum  of  a  (EuEDTA" )-(p~BB’)  mixture  is 


compared  with  those  of  EuEDTA  ,  alone,  and  with  Eu 


Tk 

results  of  Gallagher  ,  the  latter  two  ions  are  excited  only  within  the  weak 
absorption  bands  of  trivalent  europium,  itself.  The  (EuEBTA.  )-(p-BB  )  mixture, 
however,  is  excited  throughout  that  portion  of  the  ultraviolet  spectrum 
absorbed  by  p-BB”  ions  (Fig.  l)1^.  The  excitation  spectrum,  4c  is  conclusive 
evidence  for  energy  transfer  between  p-BB  and  europium,  but  does  not,  in 
itself,  distinguish  between  inter-  and  intramolecular  transfer  in  solution. 

Solid  europium  benzoylbenzoates 

t 

In  view  of  the  differing  behaviors  of  the  three  benzoylbenzoate 
isomers  in  exciting  EuEI/IA~  fluorescence  in  solution,  it  was  of  interest  to 
extend  our  studies  to  the  solid  salts  Eu(BB)^.  Each  of  these  salts  was  obtained 
as  an  Insoluble  hydrate  by  the  reaction  between  EuCl^  and  the  sodium 
benzoylbenzoate  in  water  solution.  In  contrast  to  the  solution  results,  all 
three  of  the  solid  benzoylbenzoates  show  bright  red  fluorescence  at  room 
temperature  when  exposed  to  ultraviolet  radiation.  Figure  5  shows  the 
fluorescence,  in  each  instance,  to  be  due  entirely  to  Eu  transitions. 

Differences  between  the  three  spectra  indicate  that  there  are  differences  in 
symmetry  and  ligand  field  strength  about  the  bonded  europium  in  the  three  compounds. 

The  relative  fluorescence  brightness  of  the  three  solid  europium  salt 
hydrates  at  room  temperature  (2537  A  excitation)  decreased  in  the  order: 
p-(0.55)>  m-(0.25),  o-(0.25)17. 

Figure  6  shows  excitation  spectra  for  the  three  solid  benzoylbenzoate 
hydrates.  Pronounced  excitation  throughout  the  ultraviolet,  for  all  three 


compounds,  is  definitive  evidence  that  fluorescence  occurs  by  ultraviolet 


absorption  in  the  organic  portion  of  the  salt,  fallowed  by  intramolecular  transfer 
of  energy  to  the  bonded  europium.  At  the  longer  wavelengths,  there  are  super¬ 
imposed  on  the  curves  of  Fig.  6,  small  peaks  corresponding  to  direct  absorption 
by  the  bonded  europium  cation.  At  these  wavelengths  the  benzoylbenzoate  portion 

of  the  salt  does  not  absorb  efficiently  and  such  fluorescence  as  does  occur 

3+ 

proceeds  through  direct  excitation  of  Eu'  . 

The  results  obtained  with  the  solid  europium  benzoylbenzoateo  show 
that  there  is  no  inherent  impediment  to  transfer  of  energy  between  o-  or 
m-benzoylbenzoate  and  europium.  The  lack  of  such  transfer  in  solution,  with 
EuEDTA”,  most  probably  indicates  that  the  o-  and  m-isomers  have  a  greater 
tendency  than  does  the  p-iscmer  to  dissipate  energv  to  the  environment,  by 
Monradiative  means,  before  it  can  be  transferred  to  the  EuEDTA”  anion. 
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Table  I 


Composition  of  Solid  Europium  Benzoylbenzoatas 


Compound 

Yie]  1 

i 

(o.CiUH905)5  Eu*4Hg0 

89a 

(m-Cl4H903 )  ?  Eu*2H20 

o> 

VJ1o * 

(P'C14H9°3)5  BU‘aE8° 

95b 

£  c 

$  H 

$  Eu 

calcd. 

56.1 

3.96 

17-8 

found 

54.8 

3.9b 

17.8 

calcd. 

58.4 

5.63 

17.6 

found 

58.1 

3.72 

i8.0 

calcd. 

58.1* 

3.63 

17.6 

found 

58.4 

3.74 

17.4 

*Not  re crystallized. 
bRe cry stall! zed . 


height  loss  on  the mobal&nce  to  150 °C. 
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Fig.  5“Room  temperature  fluorescence  spectra  of  soild; 
ta)  Europium  o-Benzoylbenzeatr 
(b)  Europium  nrBenzoylbenzoate 
Cc)  Europium  n-Benzoylbenzoats 
(Excitation  at  3600  A,  4  A  Resolution) 
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APPENDIX  B 


A  Fluorescent  Terbium  Chelate  System  in  Water  Solution 


Scientific  Paper  65-lCl-LTIME-F^ 
Proprietary  Class  3 


August  20,  1965 


A  FLUORESCENT  TERBIUM  CHELATE  SYSTEM  IN  WATER  SOLUTION 

R.  G.  Charles  and  E.  P.  Riedel 

Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 


Abstract 

The  terbium  ethylenediaminetetraacetate  anion  forms  a  1:1 
mixed  ligand  complex  with  the  trivalent  anion  derived  from  5-sulfo- 
salicylic  acid.  Ultraviolet  radiation  absorbed  by  the  organic 
portion  of  the  mixed  complex  is  efficiently  converted  to  the  green 
fluorescence  characteristic  of  Tb^+.  Quantum  efficiency  for  conver¬ 
sion  is  greater  in  D^O  than  in  H^O  solution  and  is  essentially  unity 
in  the  former  solvent  at  room  temperature.  Ifae  corresponding  mixed 
complex  derived  fror  europium  ethylenediaminetetreacetate  does  not 
fluoresce. 
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A  FLUORESCENT  TERBIUM  CHELATE  ST5TB4  IN  WATER  SOLUTION 

R.  G.  Charles  and  E.  P.  Riedel 
Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

There  is  much  interest  in  solutions  of  rare-earth  chelates 

(l_M 

for  use  in  laser  (optical  oaser)  systems'  .  Almost  all  such  work 

has  involved  the  use  of  organic  solvents.  Water  (and  also  D^O)  has 

potential  advantages  as  a  low- viscosity  solvent  for  laser  use,  notably 

the  small  variation  of  refractive  index  with  temperature  near  the 

freezing  point^^,  a  property  which  minimizes  scattering  due  to 

temperature  inhomogenieties  during  optical  pumping. 

In  general,  solubility  considerations  require  that  chelates 

other  than  those  which  have  been  investigated  for  use  in  organic 

solvents  be  used  in  water.  The  best  known  class  of  rare  earth  chelates 

which  have  both  high  water  solubility  and  high  resistance  to  dissociation 

in  solution  consists  of  complexes  derived  from  aminopolycarboxylic  acids^^ 

However,  dilute  solutions  of  such  chelates  do  not,  in  general,  have 

sufficient  light  absorption  in  the  ultraviolet  to  be  effectively  pumped  as 

laser  materials.  We  have  therefore  been  led  to  consider  mixed  ligand 

complexes  containing  a  second  complexing  agent  having  more  desirable  light 

(7) 

absorption  characteristics.  Previous  investigations  have  established 
that  mixed  ligand  complexes  involving  aminopolycarboxylic  acids  do  occur. 


We  describe  acre  results  obtained  with  water  solutions  containing  the 
terbium  ethylenedianinetetraacetste  anion  {TbEDTA")  and  the  tri valent 
anion  (SSA^")  derived  from  5- sulfo salicylic  acid  (H-SSA). 


Results  and  Discussion 


Complex  Formation 


Titration  of  5- suJfo salicylic  acid  with  KaOH  results  in  curve  A 


of  Fig.  1.  The  hydrogen  ions  from  the  6uifonic  acid  and  carboxylic  acid 


groups  titrate  at  relatively  low  pH  values  after  which  the  phenolic  bydrogen 


titrates  separately  at  much  higher  pH.  When  a  mixture  of  H^SSA  and 
NaTbEDTA  is  titrated  (curve  B)  the  buffer  region  characteristic  of  the 


phenolic  group  is  shifted  to  lower  pH  values.  This  pH  lowering  can  be 
attributed  to  hydrogen  ion  released  by  the  reaction  (l). 


Tb(EDTA)(SSA ) 


TbEDTA  +  HS3A 


Additional  evidence  for  complex  formation  is  provided  by  the  absorption 


spectra  of  Fig.  2.  The  spectrum  of  a  mixture  of  NaTbEDTA  and  Na.SSA 


differs  significantly  from  those  of  its  components.  On  the  other  hand 


the  spectrum  of  a  1:1  mixture  of  Na0H3SA  and  NaTbEDTA  was  identical  to 


that  of  Na0HSSA  alone,  indicating  that  the  mixed  ligand  complex 


Tb(EDTA)(HSSA ) 


does  not  form  under  our  conditions 


To  establish  the  stoichiometry  of  the  reaction  at  the  higher 


pH  values,  continuous  variation  studies  based  both  on  ultraviolet  absorption 


-  k  - 


and  vl elble  fluorescence  (vide  Infra )  vere  carried  out.  The  curves 

obtained  (Fig,  3)  give  maxim  at  mole  fraction  SSA  *  0.5,  indicative  of 

a  1:1  complex  between  TbKDTA"  and  SSA3"  (equation  2). 

The  equilibrium  formation  constant  K  for  reaction  (2)  can  be 

(7) 

evaluated'  '  from 


TbEDTA”  +  SSA 


3- 


Tb(  EDTA )( SSA  ) 


4- 


(2) 


[Tb(  EDTA )( SSA  )**"] 
[TbEDTA"]  [f3SA3"] 


the  titration  data  of  Fig.  1.  Tbble  1  summarizes  the  results  obtained. 
Constancy  of  the  value  of  log  K  (Tteble  I)  over  the  pH  range  9  to  10  is 
further  evidence  that  only  the  1:1  complex  Tb(EKEA  )(SSA )  is  formed 
under  the  conditions  used. 

I*, 

The  structure  of  the  Tb( EDTA )( SSA )  ion  cannot  be  determined 

3- 

without  additional  evidence.  It  is  possible,  however,  thet  the  SSA 
ion  forms  an  additional  chelate  ring  with  the  terbium  as  shown: 


This  does  not  necessarily  require  the  displacement  of  the  six  bonded  groups 
from  the  EDTA**"  ion  since  abundant  evidence  exists^ that  a  coordinated 


rare  earth  ion  can  have  e  coordination  number  higher  than  six.  In  particular, 

(8) 

a  recent  X-ray  diffraction  investigation  shows  that  the  coordination 
nuriber  of  Lb  in  the  solid  compound  KIaEDTA*8B^0  is  nine;  and  evidence  was 
presented  that  a  similar  situation  applied  to  the  hydrated  EDTA  complexes 

of  other  rare  earth  cations.  In  the  present  instance,  however,  the  tendency 

3- 

cf  the  four  EETA  carboxylate  groups  and  the  bonded  SSA  ion  to  impose  a 
negative  charge  on  the  terbium  atom  may  favor  the  displacement  of  oi.e  or 
more  carboxylate  groups,  followed  by  completion  of  the  terbium  coordination 
sphere  by  water  molecules. 

Fluorescence  Properties 

Water  solutions  containing  Tb(EDTA  )(SSA y  give  a  bright  green 
fluorescence  when  irradiated  with  ultraviolet  light.  Fig.  h  shows  the 
variation  of  fluorescence  intensity  as  a  mixture  of  ILjSSA  and  NaTbEOTA 
is  titrated  with  KaOH.  Appreciable  fluorescence  occurs  only  after  the 

3_ 

phenolic  hydrogen  begins  to  titrate  to  give  SSA  and  the  mixed  complex 

Tb(EDTA )(SSA .  Maximum  fluorescence  occurs  somewhat  beyond  the  volume 

of  NsOE  required  by  equation  (l)  due  to  partial  dissociation  of 

Tfc( EDTA )( SSA )^” .  From  the  vslue  of  K  (Table  I),  approximately  9$>  of  the 

terbium  is  calculated  to  be  present  as  Tb(EDTA)  when  the  stoichiometric 

amount  of  NaOH  has  been  added.  The  Tb(EDTA)  ion  itself  shows  negligible 

fluorescence  at  these  concentrations  principally  because  of  low  ultraviolet 

absorption  (Fig.  l).  Bie  ultraviolet  absorption  of  Tb(EDTA)(SSA )  is 

very  much  higher  than  that  of  Tb^EETA)  at  all  wavelengths.  Resemblance 

1-  3- 

of  the  spectrum  of  Tb(EDTA  WSSA )  to  that  of  SSAJ  indicates  that  absorption 

^Such  ultraviolet  radiation  as  is  absorbed  by  Tbv EDTA )  may  not  be  transferred 
efficiently  to  the  bonded  metal  atom,  as  has  been  shown  to  be  the  case  for 
Eu( EDTA )“ ,  (P.  H.  Gallagher,  J.  Cham.  Fhys.  j*l,  306l  (19&0)- 
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■3- 

in  tha  mixed  complex  is  pri'oarily  through  the  bonded  SSA  . 

In  the  presence  of  large  excesses  of  FaOH  (Fig.  k,  Curve  B) 
the  fluorescence  decreases  markedly,  presumably  due  to  the  competition 
of  additional  (and  less  fluorescent)  complexes  which  involve  bonded 
hydroxyl  ions.  At  the  highest  excesses  of  NaOH  employed,  a  precipitate 
of  undetermined  composition  separates  (Fig.  4). 

Fig.  5  gives  the  room-temperature  fluorescence  spectrum  of  a 
solution  prepared  from  equimolar  quantities  of  Na^SSA  and  UaTbEDTA 
and  having  an  overall  terbium  concentration  of  0.02M  (primarily  as 
Tb(EDTA  )(SSA  )**”  ).  The  observed  spectrum  arises  entirely  form  transitions 
within  tne  4f  shell  of  the  bonded  Tb3  .  Comparison  of  Fig.  5  with 

(  q  i  o )  '34- 

pub  li  shed'  ’  fluorescence  spectra  for  TbJ  indicates  that  the  four 
emission  groups  in  Fig.  5  represent  transitions  from  the  level  to 
the  TF6,  TF5,  TF^,  and  7F3  levels  at  400510,  5>30-  565,  575-605  and 
6lO-6*JO  mp  respectively. 

The  fluorescence  of  Tb(EHFA  )(SSA  )  was  also  investigated 
using  heavy  water  (D^O)  as  solvent.  D^O  has  been  shown to  give 
enhanced  fluorescence  intensity  for  solutions  of  certain  rare  earth 
compounds  when  compered  with  the  values  obtained  in  water.  A  solution 
containing  Tb(  EDTA )( SSA  in  D^O  (Q.02M  in  Tb)  gave  a  fluorescej.ce 
spectrum  identical  to  that  in  water  (Fig.  5)  except  for  -rcatev  overall 
intensity  of  fluorescence  in  D2O.  The  ultraviolet  absorption  spectrum 
was  also  identical  to  that  obteined  in  water.  The  absolute  quantum 
efficiency  of  a  D,>0  solution  (0.02M  in  Tb)  was  found  to  be  0.9  +  0.1. 


This  value  is  insensitive  to  temperature  over  the  range  to  2?°C. 

Since  Tb(EDTA  )(SSA  y  is  dissociated,  to  the  extent  of  a  few  percent 

* 

at  this  concentration  the  quantum  efficiency  characteristic  cf  the 

mixed  ligand  complex  in  Do0  is  essentially  unity.  To  our  knowledge 

this  is  the  highest  quantum  efficiency  which  has  been  achieved  for 

(1?) 

terbium  in  liquid  solution  The  quantum  efficiency  of  on  identical 

solution  in  water  at  room  temperature  was  determined  by  comparison 
with  the  D^O  solution  and  found  to  be  0.7  +  0.1. 

The  decay  of  t  ie  Tb^  ’  fluorescence  in  T)pO  (0.02M  Tb )  is 
exponential  with  a  decay  time  of  2.k  milliseconus  between  5°C  and  25°L. 

The  ultraviolet  absorption  characteristics,  the  high  quantum 
efficiency  and  favorable  decay  time  of  the  present  system  suggest  it 
as  a  likely  candiats  tc  display  laser  action.  In  a  number  of  tests 
with  heavy  water  solutions,  however,  no  evidence  for  stimulated  emission 
has  been  obtained.  Some  photodecomposition  occurs  under  the  intense 
illumination  of  the  zenon  flash  tube  pump;  and  this  may  be  a  factor 
in  vitiating  loser  action.  There  was  no  indiration  of  photodecomposition 
with  the  relatively  low  levels  of  ultraviolet  illumination  used  in  the 
fluorescence  studies  above. 

*  — 

The  precise  degree  oi  dissociation  cannot  be  evaluated  v’thout  a  knowledge 
of  the  value  of  the  formation  constant  K  in  Do0.  The  con.  ant  should 
differ  to  some  degree  from  that  characteristic  of  HpO  solutions. 


Exploratory  experiments  were  carried  out  to  determine  whether  the 
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analogous  EuEDTA  ion  formed  a  fluorescent  mixed  ligand  complex  with  SGA  . 

Europium  is  of  particular  interest  since  all  successful  liquid  laser  systems, 

to  d*te,  have  employed  tri valent  europium  chelates.  Titration  data  show  that 

Eu(EDTA  )(SS/, )  forms,  and  is  of  very  similar  stability  to  Tb(EDTA  )(SSA  )4~ . 

Solutions  containing  Eu(EDTA  )(SSA  y  in  either  H^O  or  DpO,  did  not,  however, 

give  the  visible  red  fluorescerce  characteristic  of  Et.r  when  irradiated  with 

either  2537  or  j660  A  radiation.  Attempts  tc  measure  the  room  temperature 

quantum  efficiency  at  6l ?  tup  (2537  2  excitation)  of  a  DpO  solution  0.02M  in 

NaEuEDTA  and  0.0PM  in  Na^SSA  gave  a  value  of  <  1$. 

( 13 ) 

It.  is  generally  recognized  J '  that  efficient  intramolecular  energy 

transfer  in  rare  earth  chelates  requires  that  the  lowest  triplet  level  of  the 

organic  portion  of  the  species  lie  above  that  of  the  resonance  energy  level 

of  the  bonded  rare  earth  ion.  Further,  one  would  expect  mo~t  efficient  energy 

( 13  i 

transfer  when  the  two  levels  have  nearly  the  same  energy  ”  .  The  high  quantum 
efficiency  observe!  for  the  Tb(EDTA )(SSA )^~  ion  suggests  that  the  triplet 
level  lies  close  to  (but  above)  the  level  of  Tb'  .  The  'T)  and 

resonance  levels  of  Eu')+  occur  at  lower  energies.  'Tie  very  low  fluorescence 
characteristic  of  Eu(EDTA  )(SSA  )^~  can  then  be  attributed  to  the  mismatch  between 
the  energies  of  the  organic  triplet  level  and  the  europium  resonance  levels, 

and  to  the  resulting  greater  probability  for  dissipation  of  energy  by  nonradiative 

* 

means. 


The  referee  has  pointed  out  that  other  fact:rs,  in  addition  to  the  relative 
positions  of  organic  triplet  and  rare-earth  energy  levels,  are  important  in 
determining  europium  ion  fluorescence  intensity.  In  cornering  the  ions 
Eu(EETA  )(SSA  n”  and  Tb(EDTA  (SSA)^*,  however,  one  would  expect  that  such  factors 
as  gross  structure,  symmetry  about  the  meta’  atom,  nature  and  strength  of  bonding, 
and  the  energies  of  the  triplet  levels  would  be  nearly  the  same  for  the  two  com¬ 
plexes.  The  most  obvious  explanation  for  the  observed  difference  in  fluorescence 
behavior  would  seem,  therefore,  to  involve  in  some  manner  the  difference  between 
europium  and  terbium  resonant  energy  levels. 
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A  few  experiments  have  also  been  carried  out  with  mixtures  of  the 
trl valent  anion  of  1 -hydroxy- 4-sulfo-2-naphthoic  acid  with  TbEDTA”  or  EuEDTA’ . 
Ihese  systems  in  water  do  not  give  the  fluorescence  characteristic  of  the 
rare  earth  ion,  although  pH  titrrtion  data  indicate  that  mixed  ligand  complex 


formation  occurs.  Substitution  of  the  naphtlialene  nucleus  apparently  lowers 

5, 


the  r rganic  triplet  level  below  the  level  of  Tb  without  improving  the 
energy  match  with  the  resonance  levels  of  Eu. 


Experimental 

Sodium  1 erbium  Echylcnedlaminetetraa estate 


Twenty  ml  of  0.5CM  aqueous  TbCl^  (from  Lindsay  99*9 $  TbCl^, 


hydrate)  was  converted  to  the  hydroxide  by  mixing  with  200  ml  water  and 
adding  40  ml  1M  NH^OH.  Ihe  gelatinous  precipitate  was  filtered  off, 
air-dried  and  added  to  a  mixture  of  200  ml  water  and  3*0  S  solid 
ethylenediaminetetreacetic  acid.  Ihe  mixture  was  heated  until  all  so  id 
had  dissolved.  After  cooling,  the  liquid  was  filtered  ar.d  600  ml  acetone 
was  added  to  the  filtrate.  Ihe  mixture  was  cooled  overnight  in  the 
refrigerator.  Ihe  solid  was  filtered  off,  washed  with  acetone  and 
air-dried  at  room  temperature.  Recrystallization  from  .150  ml  water  by 
the  addition  of  400  ml  acetone  gave  5-8  g  air-dried  product.  Calcd.  for 
C^H^OgJfeTb.81^0:  C,  19-6;  H,  4-59;  N,  4.56.  Found:  C,  20.1 ;  H,  4.42; 
N,  4.59*. 


0 


mmm\ 


htfk't  pM*rm  f»-«*MWir. 
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D1 sodium  Sulfosallcylatc 

Sodium  hydroxide  (8.0  graus,  0.2  mole)  in  20  ml  water  vas  added 
to  25.4  g  (0.1  mole)  Fisher  reagent  grade  5-sulfosa?.icylic  acid  dissolved 
in  50  ml  water.  Acetonj  (lco  ml)  vas  added  and  the  mixture  cooled  in  the 
refrigerator.  The  solid  vas  filtered  off,  vashed  vlth  acetone  and 
air-dried  at  room  temperature.  Yield  23  g.  The  compound  vas  r eery stalli zed 
by  precipitating  from  100  ml  water  with  250  ml  acetone.  Yield  16.5  g. 

Calcd.  for  cyi^OgSKa^SHpO:  Ha,  l4,6;  1^0,  17*1.  Found:  Ka,  14.6; 

I ^0,  16.55&  (by  thermogravimetry  to  200°C  in  an  ergon  atmosphere). 


pH  Titrations 

t 

«r»  l4 

Twenty-five  ml  water  containing  4  x  10  moles  sodium  terbium 

-4 

ethylenediaminetetraacetate  8-hydrate  and  4  x  10  moles  of  Fisher 

reagent  grade  5-sulfosalicylic  acid  vas  titrated  with  carbonate- free 

standard  1M  Ha OH  from  a  micrometer  syringe.  Readings  of  pH  were  made 

with  a  Thomas  No.  4858-45  combination  glass- reference  electrode  used  with 

e.  Leeds  and  Northrup  Model  7664  pH  meter.  A  stream  of  argon  vas  bubbled 

continu)Usly  through  the  solution  to  exclude  CO^.  Measurements  were 

carried  out  at  room  temperature  (ca  25°C). 

It  was  established  by  a  separate  titration  that  NeTbEDTs  alone 

did  not  titrate  in  the  pH  region  employed  to  calculate  formation  constants. 

The  formation  constant  K  vas  calculated  from  the  titration  data 

(7) 

as  described  by  Thompson  and  Lorass  .  The  value  of  pK  for  the 

dissociation  of  the  phenolic  hydrogen  of  5-eulfosalicylic  acid  was  taken 

.(xit) 

as  jlI.  (h  . 
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Fluorescence  Titrations 

Solutions  of  the  same  composition  as  used  for  the  pH  titrations 
(vide  supra)  were  titrated  with  standard  1M  or  1CK  HaCH.  After  each 
addlcion  of  titrant  &  sample  of  solution  was  removed  to  a  2  ran  thick 
quartz  spectrophotometer  cell,  by  means  of  a  hypodermic  syringe,  and  a 
fluorescence  intensity  reading  was  taken  from  the  front  surface  of  the 
cell  (the  surface  exposed  tc  the  exciting  ultraviolet  radiation). 

The  fluorescence  titration  apparatus  was  constructed  in  this 
laboratory.  It  consisted  of  a  short  wavelength  (predominately  2537  8) 
Mineralight  ultraviolet  source  and  a  Clairex  Type  505L  CdS  photoconductive 
cell  as  the  sensor.  A  Corning  CS  3-72  filter  was  used  in  front  of  the 
photocell  to  filter  out  ultraviolet  radiation.  The  ultraviolet  source  and 
photocell  were  oriented  at  90°  with  respect  to  each  other.  The  photocell 
was  used  in  series  with  two  ^rc  xy  cells  (total  of  2.8  V)  and  an  R.C.A. 
Ultra- Sensitive  microansneter.  Meter  readings  were  related  to  light 
intensity  by  means  of  a  series  of  calibration  experiments  which  employed 
a  fluor-^cing  Tb(EDTA )(SSA )  solution  and  neutral  density  filters  cf 
known  transmission. 

Since  the  ultraviolet  intensity  tended  to  change  significantly 
during  the  course  of  a  titration,  it  was  monitored  by  means  of  a  second 
CdS  photocell  which  was  separated  from  the  U.V.  source  by  means  of  a  piece 
of  fluorescent  uranium  glass.  The  voltage  to  the  U.V.  lamp  was  adjusted 
during  the  titration  to  keep  the  reference  reading  constant. 
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Fluorescence  Spectra 

Solutions  with  an  overall  terbium  concentration  of  0.02M  were 
made  up  by  combining  equimolar  quantities  of  NaTbEDTA  and  Na^SSA.  Tbe 
Na^SS.4  was  prepared  by  adding  the  calculated  volume  of  standard  NaOH 
solution  to  a  solution  of  Na^HSSA  in  water.  Solutions  in  D^O  were 
prepared  first  in  Ho0.  The  .fixture  was  then  evaporated  to  dryness  at 
room  temperature  with  a  stream  of  and  the  residue  brought  up  to  volume 
with  Volk  99.8#  D?0. 

Hie  fluorescence  spectra  were  obtained  with  a  1  meter  Jarrell 
Ash  Spectrometer  with  a  dispersion  at  the  exit  plane  of  l6  8  per  milli¬ 
meter.  A  photo-multiplier  with  an  S-20  characteristic  response  was  used 
to  detect  the  signal  at  the  exit  plane.  The  spectrum  shown  in  Fig.  5  has 
been  corrected  for  sensitivity  change  with  recorded  wavelength. 

Absorption  Spectra 

Absorption  spectra  were  measured  with  a  Cary  Model  spectro¬ 
photometer.  Solutions  of  rather  high  concentration  (0.01  or  0. 02M)  were 
employed  to  more  accurately  approximate  the  concentrations  required  for 
laser  testing.  Bath  lengths  of  the  quartz  cells  were  chosen  to  give  optimum 
absorbance  values.  For  the  more  absorbing  solutions  this  required  quite 
short  path  lengths,  0. 05  mm  or  0.2  ini’.  These  were  achieved  by  means  of  1  cm 
cells  with  quartz  inserts.  For  the  low-absorbing  NaTbEDTA,  path  lengths  up 
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to  10  cm  were  employed.  The  spectrum  of  Na^SSA  was  obtained  in  0.1  M  NaOH, 
rather  then  in  water,  to  suppress  hydrolysis.  Results  are  expressed  in 
Fig.  2  in  terms  of  the  molar  extinction  coefficient  c  =  A/cl,  where  A  is 
the  absorbance,  c  is  the  molar  concentration,  and  1  is  the  cell  path  length 
in  cm. 

Continuous  Variations  Studies  (Method  of  Job)v  ; 

Separate  water  solutions  O.O^M  in  NaTbEDTA  and  O.O^M  in  Na^SSA 
(from  Na^HSSA  and  NaOH)  were  prepared.  Measured  volumes  of  the  two  solutions 
were  combined.  Optical  absorbance  was  measured  at  257  and  310  mp>  employing 
0.05  ram  path  length  cells.  The  ordinate  in  Fig.  3a  is  the  difference 
between  the  observed  absorbance  and  that  calculated  from  the  absorbance  of 
a  O.C&M  solution  of  Na^SSA,  assuming  Beers  law  to  be  obeyed. 

In  a  separate  series  of  runs  (Fig.  31* )  fluorescence  intensity, 
rather  than  U.V.  absorbance,  was  measured. 

Quantum  Efficiency 

The  absolute  quantum  efficiency  of  the  1:1  mixture  of  NaTbEDTA 
and  Na,,SSA  in  heavy  water  was  measured  using  the  arrangement  shown  in  Fig.  6. 
The  Eg  lamp  was  a  General  Electric  AB-^,  the  output  of  which  was  found  to 
be  constant  during  the  course  of  the  experiment.  Tine  liquid  samples  were 
contained  in  a  thin  walled  rectangular  quartz  cell  having  inside  cavity 
dimensions  of  1  x  3  x  0.1  cm.  The  thickness  of  the  solution  exposed  to 
the  exciting  radiation  was  one  millimeter  and  the  area  that  defined  by  a 


T  mm  diameter  circle  cut  in  a  thin  blackened  vail  placed  in  eontcct  with 
the  1  x  3  cm  face  of  the  cell.  The  distance  between  the  cell  and  the 
photomultiplier  was  l/2  meter. 

An  8  x  10' ^  M  solution  of  fluorescein  in  0.1M  NaOH  used  as 
a  standard^  The  concentration  of  the  unknown  solution  was 

2  x  10  M.  At  these  concentrations  essentially  all  of  the  exciting 
radiation  was  absorbed  within  the  1  ran  thickness  for  the-  standard  as  well 
as  for  the  unknown  solutions.  Then  since  the  amount  and  geometrical 
distribution  of  exciting  radiation  is  the  same  for  all  solutions, 

W  =  (Vv<vv(vy(Pw^rF(xK>  s  <y  (3) 


distortion  due  to  absorption  of  part  of  the  intital 
fluorescence). 


S  =  Keithley  signal 

F(\)  =  transmission  of  Corning  filters  CS-4-6^  and  CS-3-69  at 
wavelength  X. 

This  equation  neglects  errors  from  two  sources.  First,  the  index 
of  refraction  of  the  standard  and  unknown  solutions  may  differ.  The  ray 
path  geometry  is  then  not  the  same  between  the  standard  and  unknown.  In 
the  present  case,  this  source  of  error  is  negligible  since  all  solutions 
had  nearly  the  seme  index  of  refraction.  The  second  source  of  error  arises 
from  absorption  of  part  of  the  fluorescein  fluorescence  followed  by 
re- emission'  ' .  A  correction  for  this  effect  similar  to  that  described 

in  reference  l6  has  been  applied  tc  the  result  given  by  equation  3  ard 
is  included  in  the  stated  quantum  efficiencies. 
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*  Formation  Constant  for  the  Reaction 


TbEDTA"  +  SSA-5 


Tfc(EW.CA  VSSA) 


4- 


I 

i 


i 


i 


i 


i 

i 


4  x  10"  *  moles  NaTbELHA,  4  x  10'*'  moles  ILSSA, 


initial  volume 


.'5  ml 


ml  1M  NaOH 

PH 

log  X 

0.90 

9. CO 

4.14 

0.92 

9.20 

4.11 

0.94 

9.35 

4.04 

O.96 

9. 49 

4.04 

O.98 

9.60 

1.06 

1.00 

9. 71 

4.09 

1.05 

lu.00 

4.13 

av.  4.09 


1 

u 
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Fig.  6- Arrangement  used  for  measuring  quantum  efficiency 
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Recently,  Same Ison  et  al  and  Schimitsohek  et  alJ  reported 


laser  action  at  room  temperature  for  the  piperidinium  (P)  and 
pyrrolidinium  salts,  respectively,  of  the  tetrakis  form  of  europium 
benzoyltrifluoroacetonate  (Eu(LTF)^)  dissolved  in  acetonitrile. 

We  have  investigated  15  organic  salts  of  Eu(BTF)^  in 
acetonitrile  and  have  obtained  laser  action  for  l4  of  them.  The  stored 


electrical  energy  required  to  reach  threshold  oscillations  in  these 
solutions  is,  however,  dependent  to  a  surprising  degree  on  the  nature 
of  the  organic  cation,  as  shown  in  Table  1.  In  addition  to  the  results 
of  Table  1,  we  have  also  observed  roam  temperature  laser  action  with  a 
threshold  of  660  J,  using  a  0 .05  M  concentration  of  the  piperidinium 


salt,  but  operation  at  this  temperature  (2h°C)  is  erratic.  The  laser 


threshold  values  listed  in  Table  1  are,  however,  repicducible  to  +  20 


percent  at  0°C  and  at  -30°C. 


At  0  C,  we  found  the  threshold  of  the  solutions  containing  the 
piperidinium  salt  to  decrease  as  the  concentration  was  lowered  below 


0.05  M  to  a  value  of  260  J  at  7-5  x  10  ^  M.  The  three  salts  in  Table  1 


which  did  rot  lase  at  0.05  M  concentration  were,  therefore,  tested  again 


—  r--° 


0.01  M.  The  results  at  included  in  parentheses  in  Table 


quinolinium  salt  d-d  not  lase  under  any  condition 


The  cell  used  to  contain  the  liquid  solution  -was  a  1  rrnj  inside 


diameter  quartz  capillary  cell  which  will  be  described  in  detail  along 


with  some  laser  emission  characteristics  at  a  later  date 


e  tetrakis  chelates  were  prepared  by  combining,  in  ethanol 


olution,  EuCl_  with  benzoyltrifluoroacetone  and  the  organic 


wate 


amine  or  tetraalkylammonium  hydroxide  in  the  molar  ratios  1:1 .5:4.5 


The  precipitated  solid  was  air-dried  at  room  temperature.  Elemental 


analyses  were  in  each  case  in  satisfactory  agreement  with  the  compo 


tion  BEu(BTF)i  •  The  use  of  triethanol  amine  in  thi 


he  hydrated  tris  chelate  Eu(BTF)  *2H  0,  rather  than  the  expected 


tetrakis  compound 


The  magnitude  of  the  variation  in  threshold  energy  requirements 


with  organic  cation  (ihb 


ductivity  measurements  indicate  that  each  of  the  salts  in  acetonitrile 


is  dissociated  to  a  large  degree  to  the  free  cation  and  Eu(BTF) 


order  to  obtain  additional  infwa.matj.on  pertaining  to  this  question 


the  piperidinium  and  quinolinium  salts,  which  represent  the  extremes 


in  threshold  of  those  listed  in  Table  1,  were  investigated  in  detail 


The  ultraviolet  absorption  spectra  of  0.05  M  solutions  of  these 


two  salts  in  acetonitrile  are  essentially  identical.  At  0.05  M  con 


centration,  most  effective  laser  pm,:ping  occurs  in  a  1  mm  capillary  cell 


At  this  wavelength,  the  absorptions  of  both  cations  are 


negligible  compared  to  the  anion 


Therefore 


blocking  of  laser  pump 


light  by  the  cations  does  not  take  place  to  any  impo-*-  ,ant  extent 


The  absolute  quantum  efficiency  of  the  piperldlnlum  salt 
(0.05  M  in  acetonitrile,  irradiated  with  3150$  light)  has  been  measured 
by  comparison  with  rhodemine  B  as  a  standard  *'  and  found  to  be 
0.75  Z  °15*  The  ratio  of  the  Quantum  efficiency  of  the  quinolinium  to 
the  piperidinium  salt  solution  is,  however,  only  0.0:.  At  room  tempera¬ 
ture  about  95  percent  of  the  total  fluorescence  from  both  solutions 

occurs  near  6120$  in  the  - *-  ^F,,  transition  chracteristic  of  Eu+^. 

o  d 

One  possible  reason  for  the  lower  quantum  efficiency  of  th- 
quinolinium  r-1  H  solution  involves  quenching  of  the  anion  emission  by  inter 
action  with  the  quinolinium  ion.  If  such  a  process  is  operative, 
one  would  expect  the  quantum  efficiency  to  decrease  as  the  concentration 
of  the  chelate  salt  in  solution  is  increased.  However,  while  the  quantum 
efficiency  of  the  piperidinium  salt  remained  constant  on  increasing  the 
concentration  from  5  x  10  to  1  x  10  1  M,  that  of  the  quinolinium  salt 
increased  about  18  percent.  This  result  indicates  that  such  a  quenching 
process  is  not  tehing  place. 

An  alternate  explanation  for  the  lowei  quantum  efficiency  of  the 
quinolinium  salt,  which  is  consistent  with  the  observed  results,  can  be 
given  in  terms  of  the  dissociation  or  the  chelate  anion,  reaction  1. 

u(BTF)^  a.  Su(BTF),  +  BTF'  (l) 

The  quantum  efficiency  of  the  electrically  neutral  tris  chelate  Fu(BTF)^  in 
acetonitrile  is  only  about  l/iO  that  of  PBu(BTF)^  solutions.  Any 
dissociation  according  to  (l)  will,  therefore,  result  in  lower  overall 
quantum  efficiencies . 

Since  the  em^f56^-on  -or  Eu(BT'F)^  occurs  at 

nearly  the  same  wavelength  as  for  PFu(BTF)^,  the  presence  in  solution 


of  Eu(BTF)-  is  more  easily  detected  by  means  of  the  much  weaker  -> 

3  oo 

emissions.  Fig.  1  shows  this  portion  of  the  fluorescence  spectrum  for 

solutions  made  up  from  FEu( BTF ,  Eu(BTF)^^  and  QEu(B'IF),|y  where  Q  is 

the  quinolinium  ^n.  From  the  nearly  symmetrical  shape  of  vfe.e  main  peek 

of  curve  (a)  <*nd  the  relative  intensities  of  curves  (a)  and  (b),  the 

amount  of  Euv  BIT  in  the  solution  prepared  from  PSu(BTF)^  is  found  to 

be  less  than  10  percent  of  the  total  europium  present.  Curve  (c),  however, 

shows  on  assymmetry  which  we  attribute  to  the  presence  of  appreciable  Eu(BTF) 

If  f  represents  the  fractional  dissociation  of  tetrakic  molecules 

in  the  quinolinium  solution  and  r  the  ratio  of  the  intensity  of  the  “♦ 

oo 

emission  from  tris  molecules  in  the  quinolinium  solution  (c)  to  that  from 
the  pure  tris  solution  (b),  w®  have^ 

r  -  3f/&.  (2) 

Constructing  curve  (c)  from  the  sum  of  two  appropriate  curves  of  shape  (e) 
and  (b),  we  find  f  to  be  equal  to  0.40. 

The  greater  amount  of  Eu(BTF)^  observed  in  solutions  prepared 
from  QUe(BTF)^  suggests  that  the  quino’ «nium  ion  facilitates  the  disso¬ 
ciation  of  Eu(BTF)^.  We  postulate,  as  one  possible  mechanism,  that 
this  is  the  result  of  ion  pairing  according  to  reaction  (3).  lb  thf 

Q+  +  BTF"  ^  Q( BTF )  (3  } 

extent  that  (3)  occur#,  BTF~  is  removed  from  solution  and  equilibrium  (l) 
is  shifted  to  the  right. 
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In  summary,  the  results  presented  here  show  that  the  cation  in 


the  salt  BEu(BTF)^  can  be  important  in  determining  the  laser  capabilities 


of  solutions  containing  the  salt  without  interacting  directly  with  the 


lasing  species  Eu(BTF)^  to  change  its  -spectral  properties 


. 
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Table  1* 

Measured  'ftireehold  Energy  for 
Various  p-dJ ketone  Chelates  of  Struct'*’ re : 

[  P-ol" 


*  •{.*> 
.6 1 


Threshold  Energy  in  Joules 
(Concentration:  5  x  10-2M  in  Acetonitrile) 


z3S?£ 


piper id inium 

tetra-n-butylawmonium 

diethylaramonium 

triethylammonium 

n-butylammoniura 

pyr id inium 


isoauinolinium 


2-hyd  •oxyethylarnmonium 
tetramethyl  guanidiniuin 

I 

tetramethylaramonium 
benzy  lammonium 
quinolinium 
d  ibenzy  lanmonium 
tetraethylammonium 
tetra-n-propy lammonium 


1.800  (iOO) 


1100 


lUoo 


1300 


>  ■  oOO  (  >  I  XO) 

>'800  (1:500) 
1800 
>1000 


No  Test 


1000  (No  Test) 


No  Test 


No  Test 


No  Test 


No  Test 


No  Test 


Mo  Test 


No  Test 


No  Test 


No  Test 


>  1000  (  >  loOO) 

>  1000  (Ilo  Test) 


No  Test 


1800 


#The  symbol  ^signifies  that  laser  action  vas  not  observed  up  to  the  indicated 
energy  and  that  tests  at  higher  energies  at  that  temperature  vere  not  conducted 


‘ir^  “r|1 


5760  5770  5780  5790  5800 

Wavelength,  A 

5  7 

Fig.  l“Room  temperature  D0  -*■  F0  fluorescence  of  0. 05  M 
solution  of  (a?  P  Eu(  BTF>4,  (b)  Eu  (BTF)3  and  (c)  Q  Eu(BTF)4 
in  acetonitrile.  (Intensity  scale  is  the  same  for  ail  three 

curves) 
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Curve  573946-4, 
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Spectroscopic  and  Laser  Properties  of  Europium 
a-Naphthoyitrifluoroacetonate  in  Solution 
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ABSTRACT 


Ultraviolet  radiation  absorbed  by  the  orgenic  ligands  surrounding 
the  europium  ion  in  europium  CUnuphthoyltrifluoroacetonate  Eu(a-NTF)^  is 
efficiently  converted  via  intramolecular  energy  transfer  to  fluorescence 
characteristic  of  Eu  .  The  quantum  efficiency  for  this  process  is  shown  to 
be  a  constant  from  2600  to  3900$  in  acetonitrile  solution.  laser  operation 
has  been  observed  at  temperatures  up  to  -10°C.  The  effect  of  the  relatively 
high  scattering  losses  on  both  the  threshold  and  the  radiance  of  the  laser 
are  discussed. 


•V  • 
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INTRODUCTION 


During  the  past  few  years  a  considerable  amount  of  information  has 
been  obtained  on  the  chemical,  spectroscopic,  and  laser  characteristics  of 
rare-earth  chelates^  .  Much  of  this  work  stem6  from  the  early  demonstra¬ 
tion  by  Weissmann^ ^ ^  of  intramolecular  energy  transfer  in  these  materials 
and  their  more  recently  demonstrated  suitability  for  use  as  the  active  material 

in  liquid  lasers^'”"^u \  The  interesting  spectroscopic  and  laser  prcper- 
( IT  1^ ) 

ties  of  the  europium  tetrakis  benzoytrifluoroacetonate  anion 

(Eu(BTF)^, la )  have  led  us  to  investigate  the  consequences  of  altering  the 
structure  of  the  anion  while  maintaining  the  basic  tetrakis  form.  One  of  the 
compounds  we  have  considered  in  this  study  is  th?  p^peridinium  salt  of  europium 
tetrakis  a-naphthoyltrifluoroacetonate,  PEr^a-NTF  )^,  lb.  This  paper  describes 
some  of  the  spectroscopic,  chemical,  and  laser  properties  of  this  material 


la:  R 


-  2  - 

EXPERIMENTAL 
Me  ter la Is 

The  previously  unreported  f3-diketone,  a- naphthoyltrif luoroacetone, 
was  synthesized  by  the  condensation  of  ethyl  trif luoroacetone  with  methyl-Ct- 
naphthyl  ketone  in  the  presence  of  sodium  methoxiae.  The  procedure  was 

/  o  O  \ 

similar  to  that  of  Reid  and  Calvin'  .  The  compound  was  conveniently 
isolated  as  the  crystalline  piperidinium  salt,  formed  from  the  crude  P-diketone 
and  a  small  excess  of  piperidine  in  ethenol.  Overall  yield  ',-'$.  Calculated 
for  (C5H12N)+(C1]4H8F302)‘:C,6?.0;  H,5-7;  N,4.0$.  Found:  ,  65-0;  H,5-8; 

N,3-9$- 

The  europium  chelate  PEu(cr-NTF )j,  was  prepared  as  follows.  The 
piperidinium  salt  above  (6.32  grams,  0. 0l8  moles)  was  dissolved  in  60  ml  95$ 
ethanol  by  warming.  EuCl^O.  004  moles)  dissolved  in  20  ml  water  was  added  to 
the  warm  solution.  The  chelate  separated  as  a  semisolid  which  crystallized 
on  standing  at  room  temperature  The  solid  was  washed  with  1:4  (v/v)  ethanol- 
water  and  air- dried  at  room  temperature.  Yield  96$,  based  on  the  EuCl^.  Calcd. 
for  (C5H12N)+[(Cl4H8F302)4Eu]":C,56.^;  H,3-4;  N,l.l$.  Found:  C.56.3;  H,3*5; 
N,1.5$. 

Solutions  in  acetonitrile  were  prepared  from  Fisher  reagent  grade 

solvent . 


Spectroscopy 

Absorption  spectra  of  solutions  of  PEu(oc-NTF)4  in  acetonitrile  were 
obtained  on  a  Cary  Model  l4  spectrophotometer .  The  wavelength  range  below 
3850?  where  the  absorption  cross  section  is  high  was  obtained  using  a  concentra- 
tion  of  2.5  x  10  'M  and  0.05  mm  quartz  cells  (l  cm  cells  with  quartz  inserts). 


For  wavelengths  longer  than  3850$,  a  concentration  of  OrOlM  was  used  and 
1.0  mm  quartz  cells. 

Fluorescence  spectra  were  obtained  with  a  3./2  meter  Jarrell  Ash 
spectrometer  with  a  dispersion  of  32$  per  millimeter.  A  photomultiplier  wich 
an  S-20  characteristic  response  was  used  to  detect  the  signal.  A  Corning 
CS3-69  filter  was  placed  between  the  sample  and  the  entrance  slit  in  order 
to  remove  scattered  lamp  light  below  510  rap.  The  fluorescence  spectra  are 
presented  corrected  for  system  sensitivity  as  a  function  of  wavelength*  The 
samples  were  contained  in  quartz  cells.  By  passing  the  light  from  an  Osram 
(XB0-900)  xenon  arc  lamp  through  a  second  l/2  meter  Jarrell  Ash  spectrometer, 
the  samples  were  illur-inated  in  a  band  between  3®0  and  350  rap .  A  Coming 
CS7-37  filter  was  placed  between  the  exit  plane  end  the  sample  in  order  to 
eliminate  scattered  light  above  390  mp. 

The  excitation  spectrum  was  obtained  by  scanning  with  the  spectromet 

used  in  illumination  of  the  sample  snd  setting  the  other  spectrometer  at  the 

desired  wavelength  of  the  fluorescent  spectrum  to  be  r.onitorea.  The  spectrum 

is  presented  reduced  to  constant  quant  1  per  unit  wavelength  interval  of  the 

exciting  beam.  This  was  achieved  by  detecting  with  a  photomultiplier  the 

( 19 ) 

flxiorescence  of  a  rhodamine  B  quantum  counter  which  was  excited  by  a 
portion  of  the  beam  used  to  excite  the  sample.  This  signal  was  then  ratioed 
with  the  rlgnal  from  the  sample  fluorescence. 


Laser  Apparatus 


The  -cell  shown  in  Fig.  1  is  a  C.l 


those  used  by  other  investigators 


-entiraeter  inside  diameter  quartz  capillary  tube  with  an  active  pump  length 
of  6.7  centimeters  and  a  mirror  spacing  of  9-3  centimeters.  The  ends  of  the 
tube  were  first  polished  flat  to  k/lO  and  parallel  to  better  than  ten  seconds 
of  arc.  Quartz  disks  flat  to  k/lU  and  parallel  to  rbout  two  seconds  of  arc 


vere  wrung  on  to  the  ends  of  the  tube.  Each  disk  was  then  attached  to  the 


tube  with  epoxy  cement,  Multilayer  films  having  approximately  99  percent 


urface  of  each  disk  and 


are,  therefore,  not  in  contact  with  the  liquid  material  within  the  capillary 


Three  EG  &  G  linear  flash 


at  1?0  intei  va.ls  around  the  cell  as  shewn  in  Fig.  2  with  Corning  CS7-59 


filters  inserted  between  the  lamps  and  the  cel]..  A  heavy  aluminum  foil  is 


then  wrapped  around  the  outside  of  the  three  lamp 


The  cell  assembly  is  held 


ir  an  insulated  chamber  so  that  the  tempera tur  ?  may  be  both  stabilized  and 


controlled  by  a  flow  of  precooled  and  dry  nitrogen 


The  intensity  of  the  light  output  from  the  end  of  the  laser  capillary 


and  from  the  pump  light  from  the  flash  lamps  were  presented  simultaneously,  as 


a  function  of  time,  on  an  oscilloscope  screen.  The  traces  were  recorded  photo¬ 


graphically  on  Polaroid  3006  speed  film 


The  light  output-time  recording,  the  spectral  width,  the  wavelength 


and  the  beam  divergence  of  the  laser  emission  may  all  be  obtained  simu.':  ^-aneousiy 


during  one  optical  pumping  cycle.  The  first  three  of  these  are  obtained  by 


through  a 


spectrometer  and  splitting  th  output.,  part  goi'ng  to  a  photomultiplier  8tid 
part  being  recorded  on  film.  The  spectrometer  Is  used  in  second  order  where 
its  uispersion  is  lC?  per  millimeter.  The  entrance  slit  is  a  Hilger-Watts 
model  F1^9T  individually  adjustable  slit.  The  exit  slit  is  also  a  Hilger- 
Watts  Fli+9T  edit  but  modified  sc  that  it  can  open  to  5  millimeters.  A 
partially  transparent  mirror  placed  two  inches  beyond  the  exit  plane  splits 
thp  teem-one  part  going  to  a  photomult  ip1  ier  and  the  remainder  to  a  lens. 

The  lens  magnified  the  spectrum  at  the  exit  plane  approximately  ten  times. 

The  magnified  image  is  recorded  on  Polaroid  3000  speed  film.  A  Wratten 
red  filter  is  placed  jn  front  of  the  film  while  a  CS2-63  is  placed  in  front 
of  the  photomultiplier  in  order  to  remove  scattered  flash  ’cip  light.  Cali¬ 
bration  of  the  dispersion  of  the  system  at  the  film  plane  which  is  1.63ft  per 
millimeter  was  accomplished  by  setting  the  entrance  slit  at  ten  microns  and 
the  exit  slit  at  four  millimeters  and  allowing  two  neon  reference  lines  to 
expose  the  film  at  6096.16  and  61^3* 06ft.  The  source  used  was  a  neon-fill 

f  ^  'i  \ 

hollow  cathode  lamp.  The  laser  emission  which  falls  between  these  two  linesv 
is  then  used  to  expose  the  film  a  second  time.  The  resolution  of  this  spectro- 

r\ 

graph  at  this  entrance  slit  setting  was  found  to  be  0.2?  by  measuring  with 
the  aid  of  a  traveling  microscope  the  width  of  a  line  on  the  film  obtained 
by  using  the  6328ft  emission  of  a  He-Ne  gas  leser  as  a  narrow  line  source. 

The  directionality  of  the  laser  output  was  studied  during  the  same 
flash  tube  puist-  by  photographing  the  far  field  pattern  of  the  light  output 
from  the  other  end  of  the  laser  cell.  A  red  Wratten  f,2U  filter  and  appropriate 
neutral  density  filters  were  placed  in  front  of  the  Polaroid  2,000  speed  film 
in  order  to  obtain  proper  exposures  free  of  flash  lamp  light. 


RESULTS  AND  DISCUSSION 


Structural  Considerations 

The  considerable  activity  in  the  field  of  liquid  lasers  has  resulted 

in  the  demonstration  of  laser  action  with  a  number  of  europium  chelates.  All 

* 

su?h  lasing  species  are  tetrakis  chelates  derived  from  0-diketones.  Laser 
action  in  solution  has  rot.  so  far,  been  obtained  with  chelates  derived  from 
other  classes  of  organic  chelating  agents  nor  has  it  been  obtained  with  rare 
earths  other  than  europium. 

Of  the  europium  0- diketone  chelates  which  have  been  investigated, 
particular  interest  attaches  to  those  containing  a  trifluoromethyl  group  as 
part  of  the  organic  structure  (the  anion  of  formula  I,  above),  since  solutions 
containing  these  compounds  show  laser  action  at  relatively  hi "h  tempera- 

/  jj  er  i  £  \ 

tures  >J~  .  Most  effort  has  been  devoted  to  solutions  containing  the 

europium  chelate  anion  of  la,  derived  from  benzoyltrifluoroacetone.  In  some 

instances  solutions  containing  this  anion  lase  near  room  temperature^ 

The  .ompound  Ic,  in  which  the  2-thienyl  group  is  substituted  for  phenyl  in  la, 

(22 ) 

also  shows  laser  action  ,  although  apparently  not  at  as  high  temperatures 
as  la.  Further  studies  of  the  compounds  1,  in  which  R  is  varied,  would  be 
expected  to  provide  additional  evidence  on  the  structural  parameters  which 
influence  laser  action.  We  report  here  data  obtained  with  the  compound  lb, 
in  which  the  Of-naphthyl  group  is  substituted  for  phenyl. 


Although  early  liquid  laser  work  was  carried  out  with  materials  thought  to  be 
the  tris  chelates,  current  evidence  indicates  that  these  also  were  actually  the 
tetrakis  forms. 


Substitution  at  K  in  I  can  alter  the  chelate  anion  in  several  differ¬ 
ent  ways  which  could  influence  l8Sf~  action,  (l)  The  nature  of  R  can  effect 
the  ultraviolet  absorption  spectra  *~f  solutions  containing  I,  and  hence  can 
alter  the  wavelength  range  over  which  effective  optical  pumping  takes  place. 

(2)  R,  through  resonance  and  inductive  interaction  with  the  chelate  rings, 
can  influence  the  electron  distribution  within  these  rings  and  can  alter  the 
energy  of  the  lowest  organic  triplet  level  relative  to  the  energy  of  the 

C 

europium  "Dq  resonance  level.  (3)  Bulky  groups  at  R  could  presumably,  through 

steric  hindrance,  alter  the  symmetry  of  the  eight  bonded  oxygen  atoms  about 

3+  5  7 

the  Eu  and  influence  the  probability  of  the  DQ-  transition  which  gives 

rise  to  laser  action. 

Spectroscopy 

When  an  acetonitrile  solution  of  PEu(Of-NTF)^  is  illuminated  with 

+3  (23) 

near  ultra-violet  light,  characteristic  Eu  ion  fluorescence  '  is  observed 

5  7 

as  shown  in  Fig.  3*  As  may  be  seen  from  Curve  A,  the  DQ  -*  group  is  by 

far  the  most  intense,  accounting  for  approximately  QOfc  of  the  total  emission. 

The  main  line  is  centered  at  6ll8ft  with  a  width  at  half  height  of  28ft.  Curve  B 

was  obtained  uy  increasing  the  amplifier  gain  by  a  factor  of  19-2.  This  shows 

in  more  detail  the  remaining  groups  which  are  barely  apparent  in  Curve  A. 

5  7 

Analysis  of  the  Dq  ->  F-  emission  has  oeen  shcvn  to  be  of  value  in  determining 
the  number  of  different  europium  containing  species  contributing  to  the  observed 
fluorescence'  *  .  The  7Dq  -»  F^  emission  is  shown  in  greater  detail  in 

Fig.  4.  The  appearance  of  only  one  line  in  this  region  is  consistent  with  the 
assumption  that  only  one  europium  species  is  responsible  for  the  observed  fluores¬ 


cent  spectrum. 


The  ultraviolet  absorption  spectrum  cf  Eu(a-NTF)^  in  acetonitrile 

is  shown  in  Fig.  5-  The  very  large  values  of  the  molar  extinction  coefficient 

* 

are  characteristic  of  7T-T r  absorption  bands  associated  with  the  organic  ligands 
of  the  molecule.  As  has  previously  been  pointed  out^1^,  such  intense  absorption 
bands  prevent  effective  pumping  (at  the  concentrations  required  for  laser 
operation)  along  the  axis  of  a  laser  cell,  even  when  the  cell  is  as  small  as 
o.ie  millimeter  in  Inside  diameter.  For  this  reason,  the  long- wave  length  tail 
of  the  absorption  band  is  the  most  effective  jumping  region  for  laser  purposes. 
For  example,  at  a  concentration  of  0.002M,  the  penetration  depth  defined  as 
the  reciprocal  of  the  absorption  coefficient,  for  pump  radiation  is  equal  to 
the  radius  of  the  laser  material  at  a  wavelength  of  379  rau*  This  wavelength 
excites  the  cross-section  of  the  laser  material  in  a  0.1  cm  bore  diameter  cell 
efficiently  and  fairly  uniformly.  At  a  concentration  of  0.01M.  the  wavelength 
for  a  penetration  depth  cf  0.05  cm  is  shifted  to  390  mu.  Wavelengths  within 
this  general  range  will,  however,  only  be  effective  for  laser  pumping  if  the 
fluorescent  quantum  efficiency  is  high  for  excitation  at  wavelengths  within  this 
range. 

A  change  in  the  quantum  efficiency  as  a  function  of  excitation  wave¬ 
length  may  be  ascertained  by  comparing  the  absorption  spectrum  with  the  excita¬ 
tion  spectrum.  The  excitation  spectrum  of  a  solution  containing  Eu(a-NTF)jj  is 
shown  in  Fig.  6.  For  wavelengths  longer  than  3900$,  absorption  of  the  exciting 
light  by  the  sample  decreases  very  rapidly.  However,  for  shorter  wavelengths 
essentially  ell  of  the  exciting  light  is  absorbed.  The  nearly  horizontal  l^ne 
below  3900$  indicates  therefore  a  quantum  efficiency  which  is  a  constant  within 
about  +  10$  between  3900  and  260Q$.  At  room  tempereoure,  the  quantum  efficiency 
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of  a  0. 01M  solution  in  acetonitrile  excited  by  3150$  radiation  is  0.52  +  .15* 

This  was  obtained  by  comparing  the  fluorescent  intensity  of  this  solution  with 
a  solution  of  piperidinium  europium- benzoyltrifluoroacetonate  (PEu(ETF)^)  in 
acetonitrile,  the  quantum  efficiency  of  which  has  been  measured  and  found  to 
be  0.75  +  .15^^*  The  fluorescent  decay  time  of  a  0.01M  solution  of  PEuCa-NTF)^ 
in  acetonitrile  at  2^°C  is  1*08  microseconds.  As  the  temperature  is  lowered,  both 
the  decay  time  and  the  quantum  efficiency  of  PEu(a-ilTF)^  increase  reaching  0-9' 

T  and  735  microseconds  resuectively  at  -^0°C. 

-  *15 

laser  Characteristics 

We  have  been  able  to  obtain  laser  operation  at  various  concentrations 
of  Eu(s-NTF)^  in  acetonitrile  at  temperatures  up  to  -10°C.  As  the  temperature 

Q 

of  the  solution  is  increased  above  -30  C,  tne  flash  lamp  energy  required  to 
obtrin  laser  oscillations  steadily  increases.  At  -10°C  this  energy  is  near 
the  maximum  allowable  energy  for  our  excitation  system  and  therefore  this  is 
the  highest  temperature  at  which  we  have  ODserved  laser  operation  with  this 
material.  The  rise  in  threshold  requirements  as  the  temperature  is  increased 
is  due,  at  least  in  part,  to  the  drop  in  quantum  efficiency  with  rise  in  tempera¬ 
ture.  This  drop  in  quantum  efficiency  is  somewhat  more  severe  than  it  is  for 
Eu(BTF)^  in  acetonitrile  where  we  and  others  have  been  able  to  obtain  laser  opera¬ 
tion  near  room  temperature^ ^ \  In  order,  therefore,  to  insure  consistant 
results  in  laser  experiments  with  Eu(a-NTF)jj  we  have  conducted  all  experiments 
discussed  in  this  paper  at  -20°C. 

A  photomultiplier  recording  of  the  laser  emission  at  approximately 
1.2  times  threshold  input  energy  to  the  flash  lamps  is  shown  in  Fig.  7-  For 
approximately  the  first  3^0  microseconds  only  a  small  photomultiplier  signal 
due  to  spontaneous  emission  is  observed.  Intermittent  laser  emission  then 


occurs  for  the  next  270  microseconds  followed  "by  the  decay  of  spontaneous 
emission. 

Figures  8a,  8b,  and  8c  were  oil  taken  simultaneously  (see  experimental 
section)  at  approximately  2.3  times  threshold.  In  Fig.  8a,  the  laser  spikes 
are  again  clearly  evident.  Laser  threshold  is  reached  sooner  in  Fig.  8a  than 
in  Fig.  7  as  one  would  expect  on  the  basis  of  the  greater  pumping  rate.  The 
cause  of  the  somewhat  more  erratic  ch?~acter  of  the  spiking,  i.e.,  the  separa¬ 
tion  of  about  140  u  seconds  between  the  first  two  groups  of  spikes  is  not  clear. 

(24 ) 

One  possible  explanation  for  this  laser  suppression  is  scattering  xvsses 

due  to  the  effects  of  non-uniform  heating  of  the  liquid.  This  is  a  reasonable 

explanation,  in  view  of  the  fact  that  these  losses  are  shown  in  a  following 

section  of  this  paper  to  be  quite  large  even  near  threshold  pumping  conditions. 

(24) 

In  addition,  it  has  been  shown  that  the  scattering  effects  increase  rapidly 
as  the  pumping  energy  is  increased. 

Figure  8b  is  a  one-to-one  reproduction  of  the  magnified  image  of  the 
spectrum  at  the  exit  plane  of  the  spectrometer.  Fig.  8b  is  actually  a  double 
exposure,  the  neon  reference  lines  being  exposed  before  the  flash  lamps  are 
discharged.  From  the  position  of  the  laser  line  relative  to  the  neon  lines, 
the  laser  output  wavelength  is  found  to  be  6113.2$.  From  a  measurement  of  the 
width  of  the  laser  line  and  a  knowledge  of  the  dispersion  at  the  file  plane 
(1.63?/  mm)  the  laser  emission  is  found  to  take  place  over  a  wavelength  band 
0.3  +  0. 18  wide.  Since  the  spontaneous  line  width  at  -2 0°C  is  23$,  consider¬ 
able  spectral  narrowing  is  evident  during  laser  oper°tion.  The  0.3$  band 

width  is  much  larger  than  the  spacing  between  individual  modes  of  a  plane 

(25) 

parallel  resonator  with  the  dimensions  used  in  this  experiment.  Therefore 

laser  oscillations  are  evidentally  taking  place  in  more  than  one  mode  during 


one  pumping  cycle. 
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V 


Fig.  8c  shows  the  pattern  (l  to  1  reproduction)  of  the  unaltered  laser 


beam  at  a  distance  of  250  centimeters  from  one  mirror.  When  this  exposure  is 


repeated  just  below  the  flash  lamp  energy  needed  for  laser  threshold,  no 


pattern  appears,  i.e.,  the  film  remains  completely  dark.  The  diameter  of 


the  pattern  in  Fig.  8c  is  approximately  2.1+  centimeters.  The  laser  beam 


divergence  is  therefore  about  0.01  radians.  The  pattern  size  associated  with 


laser  operation  in  the  longitudinal  mode  TEMqo  such  as  described  by  Fox  and 


(26) 

Li'  '  would,  at  this  distance,  be  approximately  0.1+  centimeters  in  diameter. 


Therefore  since  the  film  in  Fig.  8c  is  nou  overexposed,  most  of  the  recorded 


emission,  i.e.,  that  outside  a  central  circle  about  0.1+  centimeters  in  diameter, 


cannot  be  associated  directly  with  the  output  from  resonant  modes.  The  spiking 


character  of  the  output  radiation  shown  in  Fig.  7  and  8a  and  its  narrow  spectral 


width  are  however  consistent  with  the  existence  of  resonant  modes.  It  seems 


reasonable  to  suppose  that  the  pattern  shown  in  Fig.  8c  represents  a  composite 


of  the  pattern  from  more  than  one  resonant  mode  together  with  the  patter.,  produced 


by  radiation  scattered  out  of  these  modes.  Scattered  rays  will,  of  course,  be 


amplified  by  stimulated  emission  while  traveling  back  and  forth  in  the  liquid. 


They  will  also  be  repeatedly  rescattered  and  finally  lost  from  the  resonator  by 


partial  transmission  at  the  mirrors  and  by  "walk  off". 


In  order  for  the  output  pattern,  shown  in  Fig.  8c,  to  consist  mostly 


of  scattered  radiation,  the  scattering  loss  per  pass  for  a  resonant  mode  must 


be  appreciable.  An  estimate  of  the  scattering  losses  at  threshold  can  be  obtained 


by  using  the  experimentally  determined  minimum  concentration  of  ions  needed  to 


obtain  laser  operation.  Fig.  9  is  a  graph  of  the  stored  electrical  energy  required 


to  reach  threshold  vs.  concentration  of  PEu(cu-NTF)^.  The  minimum  concentration 


needed  to  reach  threshold  is  approximately  .0017M.  This  corresponds  to  a  concen- 


18,  3 

tration  of  1.0  x  10  /cm  .  Because  not  every  ion  is 


-  — 


I 


i 


w 


K 


inverted,  this  number  is  strictly  an  upper  limit  to  the  minimum  population 
inversion  AN  required  for  threshold.  We  may  use  it  however  to  estimate  the 


scattering  losses  at  threshold.  At  threshold  a  wave  traveling  back  and  forth 
between  mirrors  with  reflection  coefficients  r^  and  r^  and  separated  by  a 
distance  L  must  be  amplified  just  enough  in  the  medium  to  overcome  all  losses, 
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(1  -  <2^(1  -  d2)  r1r2e‘  2  ^  +  s^Ij  .  i 


(1) 


where  o:  and  S  ere  the  absorption  coefficient  and  the  scattering  coefficient 

of  the  material  respectively  at  the  wave  frequency  and  d^  and  dg  are  the 

diffraction  loss  per  bounce  at  mirror  1  and  2  respectively.  Using  this  relation, 

taking  account  of  the  degeneracies  g^  of  levels  i,  the  index  of  refraction  p 

of  the  laser  material,  and  assuming  a  gaussian  line  shape,  the  population  inver- 

(27) 

sion  requirement,  at  threshold  may  be  written  as 

All  =  N2  -  gg/g1  N1  =  2tt3/2  cp2 t  AX  |2LS  -  J?n[r  rgU-d^l-dg  )]J//in2  \kL  (2) 
where 

=  number  of  atoms  per  unit  volume  in  level  i 
t  =  the  lifetime  of  the  upper  level  2  due  to  spontaneous  emission 
of  radiation  by  a  trai  •  jn  between  levels  2  and  1. 

\  =  the  wavelength  in  vacuum  at  the  peak  of  the  gaussian  spontaneous 
emission  line  with  a  full  width  at  half  height  of  A\. 
c  =  speed  of  light. 

Using  the  dimensions  of  the  epical  cavity  and  the  results  of  Fox  and  Id/2^, 

the  values  of  the  diffraction  losses  d..  and  d0  for  the  TIM  mode  may  be  shown 

JL  c  OO 

to  be  0.018.  Spectroscopic  and  other  data  yield  the  following  values  for  the 


other  parameters:  ^  =  1*3^6,  t  =  7.4  x  10  seconds,  A\  =2.3  x  10”  centi¬ 
meters,  \  =  6.12  x  10"  centimeters,  r^.  ~  r2  ~  an^  L  -  6.7  centimeters. 

Using  these  values  and  the  minimum  concentration  of  1.0  x  10  cm”"3  for  AN 

in  equation  (l)  yields  a  scattering  loss  per  pass  of  30$*  We  see  therefore 
that  an  appreciable  scattering  loss  exists  at  threshold.  If  the  scattering 
losses  are  set  equal  to  zero  and  the  other  parameters  unchanged  in  equation 
(l),  the  required  population  inversion  AN  would  be  only  8  x  10  cm”  .  Thus, 
a  scattering  loss  of  3°$  per  pass,  in  the  case,  raises  the  required  population 
inversion  at  threshold  by  a  factor  ol  12,  In  addition  to  raising  the  threshold 
for  laser  oscillations  to  take  place  in  resonant  cavity  modes,  scattering  losses 
from  these  modes  serve  to  increase  the  radiation  density  in  off  axis  rays.  Since 
these  rays  are  also  amplified  in  the  medium  and  may  traverse  the  medium  a  number 
of  times  befcre  "walk  off"  occurs,  they  can  contribute  a  major  portion  to  the 
total  output  team  energy.  Since  these  rays  are  inclined  to  the  axis  of  the 
resonator,  they  serve  to  increase  the  beam  divergence  angle  of  the  laser  output 
above  that  expected  for  diffraction  limited  operation  in  longitudinal  resonant 
modes.  This  is  an  important  deleterious  effect  if  high  radiance  is  desired  in 
the  emitted  laser  beam  since  the  radiance  of  a  laser  is  proportional  to  the 
inverse  of  the  square  of  the  output  beam  divergence  angle.  In  addition  to  this 
effect,  the  loss  of  energy  from  the  laser  when  "walk  off"  of  off  axis  rays 
occurs  may  be  an  important  factor  in  lowering  the  energy  of  the  output  beam  of 
the  laser. 

There  appears  to  be  no  satisfactory  way  to  avoid  these  losses  in 
optically  pumped  liquid  lasers  employing  organic  solvents.  This  is  because  all 
organic  solvents  for  which  data  are  available  in  the  range  where  their  viscosity 


is  3  >w  have  the  comparatively  large  value  of  the  change  in  refracted  index 

with  temperature,  dn/dT,  near  -4  x  10  /  C.  It  has  been  suggested' J 

that  heavy  water  be  used  as  a  solvent  for  liquid  lasers  in  order  to  minimize 

the  sea  leering  effects  associated  with  dn/dT.  This  is  because  dn/dT  for  heavy 

water  is  zero  at  approximately  6°C(30),  while  its  freezing  point  is  below  this 

at  3>8°C»  It  should  be  noted  that  the  europium  tetrakis  ft-diketane  chelates 

which  have  bem  diown  to  lase  in  organic  solvents  are  insufficiently  soluble 

for  use  in  water.  There  is  no  known  reason,  however,  why  suitable  water- 

soluble  systems  should  not  be  devised.  The  principal  difficultly  is  that  the 

fundamental  knowledge  relating  laser  activity  to  chemical  structure  is  still 

not  sufficiently  developed  to  predict  which  of  the  many  possible  systems  in 

(29  31) 

D^O  are  likely  to  give  laser  action.  In  recent  work  from  this  laboratory'  ' 

we  have  investigated  two  different  rare  earth  systems,  each  of  which  has  two  of 
the  necessary  qualifications  for  laser  action  in  D^O,  i.e.  suitable  ultraviolet 
absorption  characteristics  and  high  quantum  efficiency  for  conversion  of 
absorbed  energy  to  rare-earth  ion  fluorescence.  The  fact  that  neither  system 
shows  laser  action,  however,  illustrates  the  importance  of  other  parameters, 
in  addition  to  ultraviolet  absorption  and  fluorescence  efficiency,  in  determining 
liquid  laser  action,  and  emphasizes  the  need  for  further  studies  in  these  areas. 
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Fig.  I- Schematic  drawing  of  liquid  laser  cell  i  not  to  scale) 
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Fig.  2- Schematic  Drawing  of  end  view  of  laser  assembly  ( not  to  scale) 
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Fig.  3-Room  temperature  fluorescence  spectra  of  0.01  M  PEu  (crNTFJ^  in  acetonitrile. 
Gain  for  Curve  B  is  19. 2  times  that  for  Curve  A.  Resolution:  5A 


cence  of  0.01  M  PEu  (crNTFl,  in  acetonitrile 


Fig,  6-Room  temperature  excitation  spectrum  of  D  F9  fluorescence  of  a  0. 1M  solution  of  PEu(crNTF) .  in  acetonitrile 
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Fig.  7-Top:  Photomultiplier  recording  of  light  output  from  0.01  MPEu 
(GrNTF)^  in  acetonitrile.  Bottom:  Recording  of  flash  lamp  light.  625J 

input  ( 1. 2  times  threshold).  Scale.*  200  microseconds  from  left  to  right 
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Fig.  8  -(a)  Top:  Photomultiplier  recording  of  light  output  from  0.01  M  PEu 
(crNTF)^  in  acetonitrile.  Bottom:  Recording  of  flash  lamp  light.  1160J 

input  (2.3  times  threshold).  Scale.*  200  microseconds  from  left  to  right, 
(b)  Crie  to  one  reproduction  of  film  image  showing  neon  reference  lines 
and  laser  emission  at  6118. 2  A.  (c)  One  to  one  reproduction  of  laser  beam 
pattern  at  a  distance  of  250  centimeters  *~om  om  end  of  laser  cell 
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At  this  concentration  laser  operation  was  not  observed 
up  to  the  maximum  input  energy  ( 1800J) 


Concentration,  cm 


Fig.  9~Energy  required  to  reach  threshold  vs  concentration  of  PEu  (crNTF? 
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